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ABSTRACT
The ecosystem services approach seeks to recognize the benefits that people obtain from
ecosystems, in order to highlight society’s dependence on natural systems. Ecosystem services
fall into four categories: provisioning, regulating, cultural, and supporting services. Most of the
ecosystem services research literature is focused on services that arise from biotic components of
ecosystems. Ecosystems are dynamic complexes of biotic communities and their physical, nonliving environment, interacting as a functional unit. The emphasis on biotic ecosystem services
leaves understudied and undervalued the role of the abiotic, physical environment, especially in
providing geologic ecosystem services. Geologic ecosystem services have been the focus of
some research internationally, but are little studied in the U.S. This study catalogs geologic
ecosystem services in the Black Hills of western South Dakota and northeastern Wyoming.
Twenty-five unique geologic ecosystem services were identified and verified in the Black Hills,
spanning each of the four service categories, and providing direct, indirect, and non-use benefits
to society.
The Black Hills region is characterized by greater lithologic diversity, more complex structure,
and greater geomorphological variability than adjacent physiographic provinces, and is thus an
outstanding study area to assess the role of geodiversity in producing geologic ecosystem
services. No standardized practice for the quantitative assessment of geodiversity has been
established, and as such, researchers implement a variety of procedures to evaluate the
geodiversity of an area. Four GIS-based methodologies for the assessment of geodiversity were
applied to the Black Hills, with procedures modified to account for data availability and scale
difference. Map outputs for these methodologies were evaluated and the procedure of Araujo and
Pereira (2018) was found to be most useful and appropriate for the study area. Using this
methodology, the largest areas of high geodiversity are in the northern Black Hills. The spatial
relationship between geodiversity and the delivery of geologic ecosystem services was
qualitatively assessed for all services, highlighting perceived positive and negative correlations,
as well as non-correlations. Considered regionally, the high geodiversity of the Black Hills
supports a wider array of geologic ecosystem services than surrounding provinces.
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ii

Table of Contents
Committee Signature Page…..……………………………………………………………………..i
Abstract….……….………………………………………………………………………………..ii
List of Tables….……………………………………………………………………………..........v
List of Figures…..…………………………………………………………………………….......vi
Chapter One – Background……..…………………………………………………………………1
Introduction……………………………………………………………………………....1
Ecosystem Services………………………………………………………………………3
Geologic Ecosystem Services……………………………………………………………8
Geodiversity………………………………………………………………………….....13
Black Hills Geology………………………………………………………………...…..19
Chapter Two – Cataloging of Geologic Ecosystem Services……..……………………………..27
Introduction……………………………………………………………………………..27
Discussion of Services (Format Repeated for Each Service) ………………….…….....33
Service Description
Contribution of Geodiversity
Service Validation
Conclusion…………………………………………………………………………......100
Chapter Three – Geodiversity of the Black Hills……………………………………………...102
Introduction……………………………………………………………………………102
Data Acquisition……………………………………………………………………….107
Goncalves et al. (2020) ..………………………………………………………………109
Araujo and Pereira (2018) .……………………………………………………………113
Forte et al. (2018) .…………………………………………………………………….117
Pellitero et al. (2011) ..………………………………………………………………...122
Method Evaluation…………………………………………………………………….127
Conclusion…………………………………………………………………………......132

iii

Chapter Four – Summary and Conclusion………..…………………………………………….135
Introduction……………………………………………………………………………135
Synthesis of Findings………………………………………………………………….137
Future Studies………………………………………………………………………….142
References………………………..…………………………………………………………......144

iv

List of Tables
Table 1: Geologic Ecosystem Services identified in the Black Hills Region,
cataloged according to Gordon and Barron (2013). The MA Category column refers
to the ecosystem service categories created by Reid et al. (2005) .………………...…...……….29
Table 2: Tourism statistics for the Black Hills. Information gathered from BH&B (2020)
and BH&B (2021) ……………………………………………………………………………….48
Table 3: Soil profile descriptions for representative soil associations within the
Black Hills Region. Data collected from NRCS Web Soil Survey (O’Geen, n.d.) ……………..81
Table 4: Summary of Replicated Geodiversity Methods……………..………………………..129
Table 5: Comparison of the range of geodiversity values within each analysis……………….130

v

List of Figures
Figure 1: The cascade model framework for ecosystem valuation modified from
TEEB (2010) and Haines-Young and Potschin (2010) …………………………………..……….6
Figure 2: Abiotic ecosystem services from Gray et al., 2013. Some of these services
involve biologic agents or processes but are largely a function of processes within the
geosphere. Items #21-25 can be considered ‘Knowledge Services,’ however, these are
traditionally considered a cultural service….………………..…..………………………………13
Figure 3: Stratigraphic column of the sedimentary units found in the Black Hills.
(Redden and Lisenbee, 2010) …………..……………………….................................................21
Figure 4: Geologic map of the Black Hills area. Location of cross sections AA’ and DD’
are shown. Geologic code: Xg: Precambrian metamorphic and igneous rocks, lPz: lower
Paleozoic units (Cambrian-Mississippian), uPz: upper Paleozoic units (PennsylvanianPermian), T: Triassic units, J: Jurassic units, uK1-uK3: undesignated Cretaceous units
(oldest to youngest), Ti: Paleogene igneous rocks, Twr: Paleogene White River Group,
Tp: Paleogene Pliocene (Upper Miocene-Pliocene Ogallala Formation). Source:
https://www.geowyo.com/devils-tower--black-hills.html.............................................................26
Figure 5: Southwest to northeast structural cross sections AA’ (northern Black Hills) and
DD’ (southern Black Hills) from Figure 3. The “Great Unconformity” between Precambrian
and Phanerozoic rocks indicated by solid red line. Source: https://www.geowyo.com/devilstower--black-hills.html.....................................................................................................………..26
Figure 6: Cathedral Spires, in the Black Elk Wilderness. Precambrian core physiographic
province of the Black Hills……………………………...……………………………………….35
Figure 7: View from the top of Black Elk Peak (formerly, Harney Peak). Precambrian core
physiographic province of the Black Hills…………………………….…………………………38
Figure 8: Signage for Wind Cave National Park and Cathedral Spires and Limber Pine
Natural Area. These protected areas are among several National Parks and National
Monuments found within the Black Hills region, along with numerous State Parks. The
establishment of these protected areas allows for interpretive information to be shared
with the public and increase educational value of natural landscapes.……………..…………....41
Figure 9: Signage for Wind Cave National Park and Cathedral Spires and Limber Pine
Natural Area. These protected areas are among several National Parks and National
Monuments found within the Black Hills region, along with numerous State Parks. The
establishment of these protected areas allows for interpretive information to be shared
with the public and increase educational value of natural landscapes…………………………...41

vi

Figure 10: Current ripples on a block of the Minnelusa Formation in Custer State Park.
Example of how sedimentary rocks can preserve palaeoecological conditions, which
may be useful in understanding the paleoenvironmental history of an area……………..……....45
Figure 11: Mount Rushmore National Memorial. Featuring (from left to right) George
Washington, Thomas Jefferson, Theodore Roosevelt, and Abraham Lincoln. Sculpted
into the Harney Peak granite…………………………….…………………………………….....51
Figure 12: Bear Butte State Park, with prayer flags hung from the trees in the foreground....…51
Figure 13: Homestake Mine, located in Lead, SD. Paleogene igneous activity emplaced
the white rhyolite dikes, which can be seen in the center of the image..………………………...59
Figure 14: Bob Ingersoll Mine (abandoned), located outside Keystone, SD. Primary
mineral production was lithium, beryllium, and mica (Tuzinski, 1983)…..………………..…...59
Figure 15: Precipitation (cm) in the Black Hills Region for the water year 1997.
(Driscoll et al., 2000)………………...…………………………………………………………..62
Figure 16: Aquifer test sites for the Madison and Minnelusa aquifers. These maps show
that the aquifers that outcrop in the Black Hills provide groundwater over large distances.
(McKaskey, 2013)……………………………………………………..…………………………63
Figure 17: Distribution of wetlands in South Dakota. Potential stores of fossil fuels in the
form of peat could be found in the wetlands to the north and south of the Black Hills,
associated with the Belle Fourche and Angostura Reservoirs (Fretwell et al., 1996)…………...66
Figure 18: On-going excavation at the Mammoth Site in Hot Springs, SD. Remains of
large mammals are one example of the variety of faunal remains that have been uncovered
at this location………………………………………………..………….……………………….69
Figure 19: Reassembled remains of a Columbian Mammoth (Mammuthus columbi)
uncovered from the Mammoth Site in Hot Spring, SD…………………………………..……...69
Figure 20: Members of the Custer State Park bison herd. This herd is allowed to grow
throughout the year before members of this herd are auctioned-off for sale at the annual
Custer State Buffalo Roundup and Arts Festival……………………………………..………….72
Figure 21: Timber Pile located along Rochford Road in the Limestone Plateau
physiographic province of the Black Hills…………………………………………………….…74
Figure 22: Forest carbon stocks within the Black Hills. Formatted after a figure in
Walters et al. (2013)…………………………………………………..…………..……………...86

vii

Figure 23: "Disappearing" Box Elder Creek. This phenomenon occurs due to infiltration
of stream flow into the subsurface cavities and pore space. Subsurface storage has the
ability to reduce peak river flow, and mitigate the damage caused by flooding..…………..…...91
Figure 24: Deerfield Lake, northeast of Hill City, SD.……...…………………………………..99
Figure 25: Pactola Lake, north of Hill City, SD...…...………………………………………….99
Figure 26: Digital elevation model for the Black Hills, depicted with a hillshade effect…..…105
Figure 27: Landform map of the Black Hills region. Created using the
Topographic Position Index created by Weiss (2001), and classified according to Tagil
and Jenness (2008)……………………………………………………………………….……..106
Figure 28: Geodiversity of the Black Hills as determined by the method of Goncalves et
al. (2020), modified as described in text. Data included in the assessment: geology (lithology
and structural features), pedology (soil Great Group), geomorphology (landforms), and
hydrography (drainage density). Dark green indicates low levels of geodiversity, whereas
red indicates high levels of geodiversity………………….………………………………….....112
Figure 29: Geodiversity of the Black Hills as determined by the method of Araujo and
Pereira (2018), modified as described in text. Data included in the assessment: lithology,
pedology (soil Great Group), geomorphology (landforms), and hydrography (lakes, stream
order [Strahler], precipitation, and groundwater specific flow). Dark green indicates low
levels of geodiversity, whereas red indicates high levels of geodiversity……………….....…..116
Figure 30: Geodiversity of the Black Hills determined by the method of Forte et al.
(2018), using the original methodology. An undesirable “quadrant” artifact is apparent,
and so this map was not considered valid. Figure 31 represents a revised approach to the
method and is the final product of the application of this method. Data included in the
assessment: lithology, geomorphology (landforms), structural features (faults),
hydrography (lakes and streams), and pedology (soil Great Group). Dark green indicates
low levels of geodiversity, whereas red indicates high levels of geodiversity.……..……….…120
Figure 31: Geodiversity of the Black Hills determined by the method of Forte et al. (2018),
using the original methodology. Data included in the assessment: lithology, geomorphology
(landforms), structural features (faults), hydrography (lakes and streams), and pedology (soil
Great Group). Dark green indicates low levels of geodiversity, whereas red indicates high
levels of geodiversity…………………...………………………………………….…………...121
Figure 32: Geodiversity of the Black Hills determined by the method of Pellitero et al.
(2011), using the original methodology. Data included in the assessment: lithology,
structural features (faults), hydrography (streams and lakes), and pedology (soil Order).
Dark green indicates low levels of geodiversity, whereas red indicates high levels of
geodiversity……………………………………………………………………………………..126

viii

Figure 33: Geodiversity of the Black Hills as determined by the method of Araujo and
Pereira (2018), modified as described in text. Data included in the assessment: lithology,
pedology, geomorphology (landforms), and hydrography (lakes, stream order [Strahler],
precipitation, and groundwater specific flow). Dark green indicates low levels of
geodiversity, whereas red indicates high levels of geodiversity…………………..………........141

ix

Chapter One – Background
Introduction
The purpose of this thesis project is to investigate the geologic ecosystem services in the
Black Hills region of western South Dakota and eastern Wyoming. Along with identifying and
cataloging this regions’ geologic ecosystem services, this region’s geodiversity will also be
evaluated. A study of this nature is important, because geologic ecosystem services and
geodiversity are often overlooked in ecosystem assessments. Furthermore, this study has the
potential to elucidate the relationship between these two variables, which may be useful in
decisions concerning the management and protection of the physical environment.
The first chapter of this thesis introduces the general concepts of ecosystem services,
geologic ecosystem services, and geodiversity, and provide an overview of the geology of the
Black Hills region. The field of ecosystem services is comparatively young, with the initial
conceptualizations made in the 1970s and 80s (Gomez-Baggethun et al., 2009), with geologic
ecosystem services being still younger. Similarly, the word “geodiversity” was first used in 1993
but has since been the subject of intense scrutiny, as authors have worked to come to a consensus
on what constitutes geodiversity (Gray, 2008). Because the concepts of geodiversity and
geologic ecosystem services are understudied in North America, it is necessary to discuss the
origins of these fields, as well as their understanding within modern contexts, in order to set a
foundation for how these fields and terms are used within this thesis.
In chapter two of this thesis, there is a discussion of the 25 geologic ecosystem services
identified within the Black Hills region. These services were identified by considering and
expanding upon previous research which has produced lists of possible geologic ecosystem
services (e.g., Gray et al., 2013; Gordon and Barron, 2013). Moreover, field work accompanied
1

this research in order to gain a better understanding of how residents of the Black Hills region
utilize and interact with the area. Each service is assigned to the appropriate category (e.g.,
cultural, provisioning, regulating, or supporting), with a description of the service within the
context of the Black Hills region. For each service, there is a discussion of how geodiversity may
contribute to the delivery of the service. The examination of each service concludes with a
verification and validation of the service, serving as evidence of the service’s existence within
the region. A detailed cataloging of geologic ecosystem services is important because services of
this kind are regularly left out of ecosystem assessments, which is concerning given their
obvious importance, and the role that geologic ecosystem services play in underpinning many
other ecosystem services. Furthermore, a rigorous examination of geologic ecosystem services
could set a standard for future studies that seek to understand not only geologic ecosystem
services, but ecosystem services at large.
After cataloging and examining the geologic ecosystem services derived from the Black
Hills region, an assessment of the region’s geodiversity is presented in chapter three. Measuring
geodiversity is not a practice that has been standardized as of the writing of this thesis, and as
such, several different methodologies are employed by researchers in the international
geoscience community. For this reason, four methodologies have been identified (Goncalves et
al., 2020; Araujo and Pereira, 2018; Forte et al., 2018; and Pellitero et al., 2011) and applied to
the Black Hills region to determine the most appropriate method for this area of interest. All
analyses of geodiversity were performed using ArcGIS version 10.8.1 and included the use of the
Spatial Analyst software package. The analyses were performed using grid overlays (in the case
of Goncalves et al. (2020) and Araujo and Pereira (2018)), polygon intersection and centroid
generation (in the case of Forte et al. (2018)), and Raster Calculation (in the case of Pellitero et
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al. (2011)). The assessment of the Black Hills region’s geodiversity is important for several
reasons; first, while geodiversity studies have been conducted abroad, this study is the first of its
kind conducted in the U.S. Moreover, this study compares methodologies from several different
authors, and, in effect, helps to move the geodiversity community towards a standardized
framework for geodiversity assessments.
This thesis concludes with a summation and discussion of the relationship between
geologic ecosystem services and geodiversity. Understanding these fields singly has merit but,
more importantly, understanding the ties between the two fields holds important implications for
ecosystem management. While recommendations for ecosystem management are beyond the
scope of this thesis work, the findings of this thesis could initiate discussion concerning the role
of geologic ecosystem services and geodiversity within ecosystem management decisions.

Ecosystem Services
While mankind’s dependence on natural systems and processes has long been recognized,
the consideration and perception of the land has taken many different forms. During the 19th
century, within the framework of Classical economics, the land was viewed as a production
factor, which generated income for landowners, and all the non-appropriable gifts derived from
the land were seen as valuable only in terms of their use (Gomez-Baggethun et al., 2010). What
is meant here is that the land could not be seen as valuable in its own right; for the land to be
valuable it was required that the land be worked, and in this way, natural resources could be
converted into usable goods. Adam Smith referred to this very idea in his 1776 work The Wealth
of Nations, when he introduced the idea that the wealth of a nation lied not in its natural
resources, but in the amount of labor that nation embodied (Smith, 1909). There were a few
3

scholars at this time (e.g., Thomas Malthus) who deliberated over the intangible gifts the land
provided, such as life support and amenity services, but these thinkers were very much a
minority (Crocker, 1999).
With the 20th century came Neoclassical economics, and a change in how the land was
perceived. Whereas before, land was seen as valuable in its ability to be used, with Neoclassical
economics, value was seen in the ability of a product to be exchanged. It is under Neoclassical
economics that monetary value becomes the way to determine the value of something. With this
new system in place, the scope of economic analysis was limited to those physical goods which
could be harvested from the land, put into a usable form, and exchanged for monetary gain, thus
excluding the intangible, non-marketed ecosystem services that are recognized today (Naredo,
2003). A secondary facet of Neoclassical economics is the perceived substitutability of natural
resources due to technological innovation. This substitutability can take place in either
production or consumption (Stern, 1997), and, in effect, makes resource exhaustion an event, not
a catastrophe (Solow, 1974). The issue with this idea is that on a finite planet, all resources are
finite; so, while substitutability may work in theory, exhaustion is inevitable unless conservation
is practiced.
To meet the rising tide of environmental concern in the 1970s and 1980s, “authors started
to frame ecological concerns [surrounding resource depletion and extinction] in economic terms
in order to stress societal dependence on natural ecosystems and raise public interest on
biodiversity conservation,” (Gomez-Baggethun et al., 2010). Associated with this reframing of
environmental concerns is the inclusion of environmental externalities within cost-benefit
analyses, highlighting increased awareness of man’s influence on the natural world (GomesBaggethun et al., 2010). It is during this period of the late 20th century that terms such as “natural
4

capital” and “ecosystem services” begin to be used. ‘Natural capital’ is defined by Costanza et al.
(1997) as a natural, identifiable, physical form such as “trees, minerals, ecosystems, and the
atmosphere.” This form of capital is responsible for the delivery of ‘ecosystem services’ which is
defined as “the benefits which people obtain from ecosystems” (Reid et al., 2005). These terms
are common within the ecosystem service literature and serve to stress the multiplicity of ways
that natural systems underpin human well-being.
During the early years of the ecosystem services literature, several authors wrote to
discuss ecosystem services conceptually, examining how the concept could be used to inform
decision making (e.g., de Groot, 1987, Costanza and Daly, 1992, and Daily, 1997). Other authors
completed studies which cataloged services and assigned economic values to services, in some
cases assigning values for entire ecosystems (e.g., Costanza et al., 1989, Costanza et al., 1997,
and Alexander et al., 1998). A recurrent issue present in the ecosystem services literature
concerning the cataloging of services is that a variety of procedures are used to assign economic
value to the services. Therefore, much of the early ecosystem services literature seems scattered,
lacking coherence. However, with the publishing of the United Nation’s Millennium Ecosystem
Assessment (MA) in 2005, a thorough, expansive framework was provided which explains and
categorizes ecosystem services (Reid et al., 2005). Ecosystem services can be divided into four
categories: provisioning, regulating, cultural, and supporting services (Reid et al., 2005).
Provisioning services are those which supply tangible materials such as food, water, timber, and
fiber. Regulating services are the benefits obtained from the regulation of ecosystem processes,
such as climate regulation, water quality, or air quality (Reid et al., 2005). Cultural services are
the non-material outputs that enrich human experience via recreational, aesthetic, educational, or
spiritual benefits. Supporting services are those which underpin the delivery of other ecosystem
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services and include processes such soil formation, photosynthesis, and nutrient cycling. The
most substantial contribution of the MA is its mainstreaming of the ecosystem service concept as
a policy tool to achieve sustainable use of natural resources by illustrating the ways that we use
natural processes and services (Seppelt et al., 2011). However, a shortcoming of the MA is that it
lacks a fully operational methodology which would standardize ecosystem services research, and
as such many different approaches are utilized in ES-related studies.

Figure 1: The cascade model framework for ecosystem valuation modified from TEEB (2010) and Haines-Young
and Potschin (2010).

The ecosystem service concept has many complications. While the definition of
ecosystem services implies that these services are means to an end (that end being human wellbeing), this path is fraught with complexity considering that ecosystems are dynamic, adaptive
systems, with non-linear feedbacks and thresholds (Costanza, 2016). Potschin and Haines-Young
(2016) proposed a linear conceptualization of how ecosystem services are produced, known as
the “cascade model” (Figure 1). While the cascade model is a useful tool to visualize how an
ecosystem function or process can ultimately become a service, there is much debate over the
6

terminology used in this model. For instance, as Jax (2016) notes, “function” can be used: “first,
as denoting ecosystem processes that give rise to specific services, and second, the capacity (or
potential) of ecosystems to provide services to humans” (i.e., to determine if an ecosystem is
actively functional). Moreover, some studies use the word “goods” in relation to ecosystem
outputs (e.g., van Ree et al., 2017, de Groot et al., 2002, and Haines-Young and Potschin, 2018).
The use of “goods” is problematic because it can have two meanings: first, it can be used as an
adjective to describe a quality, which could make it synonymous with “benefit,” and second, it
can be used to describe a physical object, in which case we are most likely describing a
provisioning service. Therefore, while conceptual frameworks such as the cascade model and the
MA are useful tools for communicating the importance and complexity of ecosystem services,
they present a number of other issues which need to be addressed.
Many studies highlight the importance of biotic elements to the production of ecosystem
services (e.g., Haines-Young and Potschin, 2018, Costanza et al., 1997, Raudsepp-Hearne et al.,
2010). Biologic contributions to ecosystem services are responsible for many of the processes
that make our world habitable (de Groot, 2002). The field of ecosystem services has been a
valuable tool for efforts to promote the conservation of biodiversity, as it has highlighted both
the subtle and obvious contributions that biodiversity makes to society. Studies have highlighted
how a decrease in biodiversity can reduce the service output of an ecosystem (Worm et al., 2006,
Luck et al., 2009). However, other studies have shown that there may be a more complex
relationship between biodiversity and ecosystem services (Balvanera et al., 2016). By and large,
the ecosystem service literature has been far more concerned with services provided by biotic
elements of ecosystems than those provided by geologic elements (de Groot, 2002, Worm et al.,
2006, Luck et al., 2009, Raudsepp-Hearne et al., 2010). This emphasis on biologic ecosystem
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services is concerning considering that an ecosystem is defined as “a dynamic complex of plant,
animal and micro-organism communities and their non-living environment interacting as a
functional unit” (UK National Ecosystem Assessment, 2011). This definition recognizes the
importance of the physical, abiotic environment in establishing the conditions suitable to produce
ecosystem services. Therefore, while the services provided by biotic elements are of obvious
importance, failure to account for those services provided by geologic elements severely distorts
our understanding of the scope of our reliance on natural resources and leads to the fundamental
undervaluing of ecosystems.

Geologic Ecosystem Services
Ecosystem services provided by geologic elements have received comparatively little
treatment within the ecosystem services literature. In fact, it has been specifically left out of
several studies either to emphasize the fundamental contribution of biodiversity to human wellbeing (Haines-Young and Potschin, 2018), or because of the apparent un-sustainable nature of
some geologic ecosystem services (i.e., fossil fuels) (Costanza et al., 1997). However,
researchers are beginning to make efforts to draw attention to geologic/abiotic ecosystem
services. The most recent version of the Common International Classification of Ecosystem
Services (CICES) made a deliberate effort to include abiotic ecosystem services within their
classification framework (Haines-Young and Potschin, 2018). Haines-Young and Potschin
(2018) concede that the inclusion of abiotic ecosystem services was largely a practical problem,
as opposed to a philosophical problem, because the biotic and abiotic components of ecosystems
are functionally interdependent, and therefore difficult to separate. However, while this effort to
include abiotic ecosystem services within the CICES framework represents a necessary
8

progression towards an inclusive framework, these services are distinct from geologic ecosystem
services, because abiotic ecosystem services include the services provided by atmospheric and
hydrologic processes, which are often grouped as part of the geosphere, but are not distinctly
geologic (Haines-Young and Potschin, 2018). By ignoring geologic ecosystem services, we
drastically undervalue the total contribution that physical ecosystems make to human well-being
(Gray, 2018a).
Humans’ reliance on geologic ecosystem services is significant. Geologic elements
contribute to many of society’s basic needs, such as the nutrient base in soils which are needed to
grow food crops, and the structures necessary to collect and store groundwater (van Ree et al.,
2017, Gray, 2012). However, there has been much debate about the appropriateness of including
non-renewable resources within the ecosystem services framework (Gray et al., 2013). When
considering the inclusion of non-renewable resources within the ecosystem services framework,
there are valid arguments on both sides of the argument. Non-renewable resources (e.g., fossil
fuels) are already well-incorporated into traditional economic decision-making, whereas many
renewable ecosystem services are not valued in a traditional economic sense (e.g., culturally
significant sites or topography’s influence on climate) (Gray et al., 2013). Considering the fact
that non-renewable resources are presently included into economic decision-making, further
inclusion within the ecosystem services framework could skew the valuation process in purely
monetary terms, thus outweighing the value of other services (Gray et al., 2013). While this
criticism is valid, it assumes that the goal of all ecosystem services research is to assign a
monetary value to services, which need not be the goal of ecosystem services research, and is not
the goal of the present research. Furthermore, many biotic ecosystem services are wellincorporated into traditional economic decision-making but are still included within ecosystem
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services research (Gray et al., 2013). Both geologic and biotic ecosystem services make
fundamental contributions to society, and must both be evaluated thoroughly and equally,
otherwise the ecosystem services framework is unable to accomplish its goal.
If the goal of ecosystem services research is to draw attention to all the ways that society
benefits from ecosystems, then one would be remiss to ignore the contribution that extractive
resources make to society, resources such as fossil fuels, rocks, and minerals (O’Garra, 2017).
Moreover, considering that variety of ecosystems, non-renewable geologic ecosystem services
such as water resources and fossil fuels are not found in every environment, these resources form
and collect in specific environments, and their presence cannot be taken as a given. Therefore, if
we are to thoroughly and accurately assess an ecosystems’ potential to produce services, all
services need to be accounted for, renewable and non-renewable alike. Given the nonsustainable, non-renewable nature of these extractive resources, one could argue that it is even
more important to include these services within ecosystem assessments, in order to ensure that
these services are conserved and managed as sustainably as possible (Gray et al., 2013).
Along with the inclusion of non-renewable resources that cannot be used sustainably
within the geologic ecosystem services framework, another potential source of confusion is the
inclusion of water resources within this same framework (Figure 2). The importance of water
resources is undeniable, as is the role that geology plays in the collection, treatment, and storage
of these resources. Lithologic units play a crucial role in the storage of surface and groundwaters,
from which the U.S. draws two-thirds and one-third of the public supply, respectively (Kenny et
al., 2009). The pedosphere is associated with the vadose zone, which lies about the saturated,
unconfined aquifer, and effectively acts as a filter which can remove contaminants and pollutants
from water and improve water quality before it is stored in the unconfined aquifer (Gray, 2012).
10

For these reasons, it is difficult to ignore the influence that geology plays on the presence and
quality of water in an environment.
Water also plays a fundamental role in many geomorphological processes, such as the
erosion, transportation, and deposition of material, as well as the mixing of material in the
subsurface through freeze-thaw cycles. In this way, water interacts with geologic materials and
exerts a significant control on shaping the landscape, which may influence the geologic
ecosystem services an area provides. Aside from being the primary agent in the movement of
sediment, water is also the primary agent in physical and chemical weathering, through processes
such as hydration, frost action, crystal growth, and swelling (Ritter et al., 2011). Moreover,
hydrothermal fluids can cause rocks to undergo compositional changes through the process of
metasomatism, thus representing a strong control on the geology in an area. Therefore, it is
evident that water is integral to many geologic and geomorphologic processes, and troublesome
to treat it as separate from the geosphere.
The abovementioned geologic ecosystem services, as well as others, are shown in Figure
2. Many geologic ecosystem services operate in the background and contribute indirectly to the
suitability of environments for inhabitation by flora and fauna. Perhaps the most substantial
influence of geology is its control over climatic forces, which can be a determinant factor in the
development of ecosystems. The physical environment is directly responsible for the formation
of the living environment because landforms affect atmospheric processes, and thus the climate
found in an area and, indirectly, the native flora and fauna (Gray, 2012). The physical attributes
of an area may determine how it is valued from a cultural perspective, considering that certain
landscapes may be useful for recreation such as climbing or skiing, while other landscapes may
be set aside as nature preserves from which people may derive aesthetic, spiritual, or
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philosophical value (Gray et al., 2013). Therefore, attention to geology and recognition of its
indirect effects on a variety of ecosystem services is an important inclusion in future ecosystem
services research.
Geologic ecosystem services face many of the logistical complications that apply to the
ecosystem service literature at large. One complication involves the terminology used within the
geologic ecosystem services field, specifically over how to distinguish these services from biotic
ES. Some authors have framed the discourse as a matter of “geosystem services” (e.g., Bastian et
al., 2015, van Ree et al., 2016, van Ree et al., 2017). The issue, however, with this terminology is
that many of these authors are using “geosystem services” to refer to strictly geologic ecosystem
services, whereas atmospheric and hydrologic processes are traditionally grouped as part of the
geosystem. Therefore, “geosystem services” can often be synonymous with “abiotic ecosystem
services” as it was used by Haines-Young and Potschin (2018). While there is substantial overlap
between abiotic ecosystem services and geologic ecosystem services, there are services that are
abiotic without being specifically geologic. To avoid confusion, it will be beneficial to refer to
the discussion about ecosystem services from geologic elements as “geologic ecosystem
services” or “ecosystem services from geodiversity,” because this terminology explicitly states
what elements are being examined. The suggested terms will be employed in the present study to
ensure that the origin of services is unambiguous.
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Figure 2: Abiotic ecosystem services from Gray et al., 2013. Some of these services involve biologic agents or
processes but are largely a function of processes within the geosphere. Items #21-25 can be considered ‘Knowledge
Services,’ however, these are traditionally considered a cultural service.

Geodiversity
Just as the term ‘biodiversity’ has been used to refer to the multiplicity of life forms in an
area, the term ‘geodiversity’ has arisen as a geologic counterpart and is used to refer to the “the
variety of rocks, minerals, fossils, landforms, sediments and soils, together with the natural
13

processes which form and alter them” (Gordon and Barron, 2013). Geodiversity has also been
defined as “the natural range (diversity) of geological (rocks, minerals, fossils),
geomorphological (landform, processes) and soil features. It includes their assemblages,
relationships, properties, interpretations, and systems” (Gray, 2004). The primary difference
between these two definitions is that while Gordon and Barron’s (2013) definition acknowledges
that geodiversity is dynamic, Gray (2004) includes information on how geodiversity might be
assessed and what factors may qualify an area as being geodiverse. In an assessment completed
by Boothroyd and McHenry (2019), it was found that the definition by Gray (2004) is the most
agreed upon, and for this reason will be the definition used in this study.
The importance of geodiversity comes from the fact that it provides the stage on which
the biotic world lives and interacts, thus exerting control on many of the services that an
ecosystem can produce (Gordon and Barron, 2013). The acknowledgement of geodiversity in the
continuation of natural processes promotes the integration of geodiversity into land management,
which is crucial for sustaining natural capital (Gordon and Barron, 2013). The integration of
geodiversity into management discussions has been met with some opposition because most
geologic processes take place on a geologic timescale (thousands to millions of years) and are
therefore not practical to include in management. Because of this perceived inability to control
geologic processes, the vulnerability of geodiversity to anthropogenic impacts is not considered
an immediate concern. However, as society has evolved, humans have become the dominant
geomorphological force in terms of transporting material, thus threatening geodiversity in
impacted areas (Gordon and Barron, 2013). By transporting material, humans can physically
destroy or alter geodiversity features in an area, and can also disrupt geomorphological
processes, which may further degrade the geodiversity of an area. This ability to influence the
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Earth’s surface threatens both biodiversity and geodiversity alike, and therefore, these two
measures of variability should be treated in tandem.
This not to say, however, that geodiversity has been met with complete opposition. In
fact, the United Nations Educational, Scientific and Cultural Organization (UNESCO) has
established October 6 as International Geodiversity Day, thus declaring support for the concept,
and using this dedication to raise awareness of the critical linkages between geodiversity and all
life forms (UNESCO, 2021). UNESCO has exhibited further support for geodiversity by
declaring several notable geoheritage sites around the world as World Heritage Sites.
Geoheritage sites are locations that exhibit significant levels of geodiversity and have been
deemed to worthy of conservation because of their importance/value (Gray, 2018b). This
importance/value can be due to the significance of the location to the international community of
geoscientists, or because the location contains scientifically exceptional features, or because the
location is representative of a geologic feature, event, or process (Gray, 2018b). While
“geodiversity” is intended to be a value-neutral term, “geoheritage” is value-laden, and is
intended to encourage legislation that ensures the protection of a geodiverse location (Gray,
2018b). Therefore, it is evident that the international geoscience community has embraced
geodiversity as a concept and has been supportive of its exploration and implementation.
Geodiversity has the potential to contribute greatly to the production of ecosystem
services. While little has been done to elucidate the relationship between geodiversity and
geologic ecosystem services, studies have shown that geodiversity can contribute directly and
indirectly to the delivery ecosystem services (e.g., Gordon and Barron, 2013, Brilha et al., 2018).
For instance, geodiversity can contribute directly to climate regulation through the influence of
topography and can contribute indirectly to the provisioning of food and fiber by providing
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nutrients to the soil and plants (Gordon and Barron, 2013). In a study by Alahuhta et al. (2018), it
was found that while biodiversity primarily explained the distribution of selected ecosystem
services, geodiversity was an important complement, in some cases explaining ~6% of the
delivery of an ecosystem service. While this ~6% contribution by geodiversity alone may seem
modest, what is more substantial is the ~41% explanatory power of geodiversity and biodiversity
when considered collectively (Alahuhta et al., 2018). What this indicates is the importance of
considering the co-contributions of biodiversity and geodiversity in delivering ecosystem
services, instead of considering one index over the other.
Each of the geologic ecosystem services identified in Figure 2 draws influence from
geodiversity; however, the relationship between geologic ecosystem services and geodiversity
can be complex and is dependent on the specific service, as reviewed by Gray (2012), Gray et al.
(2013), and Gray (2019). For instance, if the service the provisioning of limestone to produce
cement, then a variety of lithologic units would inhibit the delivery of this service, and thus areas
with a low geodiversity index would be preferred. However, if the service is scenic views, then
variable topography could aid in the delivery of this service, and thus areas with a high
geodiversity index would be preferred. One of the aims of this research is to examine and discuss
the relationship between geodiversity and specific geologic ecosystem services, as was done by
Gray (2012). Initially, it is useful to start with a broad discussion of how exactly geodiversity can
contribute to geologic ecosystem services specifically through the influence of topography,
geological materials, and physical processes (Gray, 2019).
Uneven surfaces and variable topographies contribute to the landscape character of an
area, which can be particularly important for the delivery of cultural geologic ecosystem
services. Topography helps to provide society with a sense of place and endows a region with
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unique characteristics that are used to identify and recognize that location (Gray, 2019). Specific
landforms and topographic surroundings may be the basis for an area acting as a tourism
attraction (e.g., Grand Canyon National Park) or a culturally/spiritually important location (e.g.,
Mount Rushmore National Memorial, Wind Cave National Park, Devil’s Tower National
Monument) (Gray, 2019). A particularly important contribution topography makes to society is
by providing unique environments in which plants and animals flourish, thus supporting the
enhancement of biodiversity (Gray, 2019).
The importance and contribution of geological materials to society is obvious. Along
with providing shelter for early humans in the form of caves, stone is used in building
construction, as well as dimension stone, floor tiles, paving, and roof materials (Gray, 2019).
Perhaps the most taken-for-granted use of earth materials is the importance of industrial and
metallic minerals in an increasingly technological world. This reliance is cogently exhibited by
the modern smart phone, in which several rare earth elements act as electrical conductors, battery
casings, and screen films (Gray, 2019). As the world’s population grows, the ability to grow food
efficiently will be crucial to prevent humanitarian crises. Mineralogic matter, including
phosphates and potash, is a significant component of agricultural fertilizers, which are essential
to sustain and improve global food production (Gray, 2019). Lastly, while the problematic nature
of recognizing fossil fuels as an ecosystem service has been discussed, energy sources such as
coal, oil, peat, and uranium have allowed society to progress rapidly, and their significance must
not be ignored (Gray, 2019).
While operating largely in the background, physical processes have fundamental roles in
delivering geologic ecosystem services, as they help to create the landscapes and geological
materials discussed previously, as well as making direct contributions alone. The process of
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infiltration of water into the subsurface is significant for several reasons, beginning first with the
recognition of geologic substrate’s ability to remove pollutants from the water (Gray, 2019).
Through filtering and attenuation, polluting particles may be removed physically as pore space
becomes restricted or chemically via adsorption or ion-exchange interactions with the substrate
(Gray, 2019). Infiltration also helps to manage natural hazards, such as flooding, by reducing
surface runoff and managing the recharge of river channels and lakes by rainwater (Gray, 2019).
In this way, the subsurface also acts as a storage system that can provide water for anthropogenic
uses (e.g., consumption, irrigation, industry). Processes of erosion, transportation, and deposition
are crucial parts of the rock cycle, and determine sediment budgets, which can mean the
difference between a stable-state and dynamic environment (Gray, 2019). As was mentioned,
physical processes exert a strong control on topography, and, in this way, is an integral
consideration when aiming to conserve nature’s stage.
A significant use of geodiversity is the geoheritage that it contains, which serves as an
archive for palaeoecological conditions which “document past changes in ecosystem services
and landscape readjustments over time,” (Gray et al., 2013). Palaeoecological records can be
used as a proxy to gauge when ecological thresholds are being approached (Dearing et al., 2012).
Therefore, geodiversity can not only contribute to the production of ecosystem services, but it
can also provide tools to monitor the usage of those services. Understanding past ranges of
natural variability is particularly important to anticipate and plan for environmental changes, to
validate the efficacy of conservation and restoration efforts, and to prioritize management and
intervention decisions (Gray et al., 2013). In this way, geodiversity represents an integral tool to
the management of ecosystems and should be implemented in ecosystem assessments. While the
degradation of geodiversity may be less dynamic than that of biodiversity, preservation of

18

geodiversity represents an important facet of conservation that has been ignored by recent
efforts. In order to ensure that ecosystems are sustainably and holistically managed, it is
imperative that the diversity of the abiotic world be considered in tandem with that of the biotic
world.

Geology of the Black Hills
The Black Hills region is an isolated mountain range in southwestern South Dakota and
northeastern Wyoming that rises 1,219 m above the surrounding Great Plains. The Black Hills
uplift was formed 60 to 65 million years ago during the Laramide orogeny and appears as a
series of elongate ovals (Figure 4) (Redden and DeWitt, 2008). The Laramide orogeny is
associated with shallowly subducted oceanic crust beneath the North American tectonic plate,
that maintained contact with this continental crust after it was subducted (Dickinson et al., 1978).
As this oceanic crust was thrust along the bottom of the North American plate, it exerted
compressional forces which caused buckling and fracturing of the continental basement rock in
an area that was originally an extensive foreland basin that had been created by the Sevier
orogeny (Dickinson et al., 1978; Copeland et al., 2017). This deformation of the continental crust
created reverse faults, which forced blocks of basement crystalline rocks upwards, thus building
much of the Rocky Mountains and the Black Hills (Dickinson et al., 1978). Laramide orogenic
processes differ from arc-volcanic orogenic events because magmatism is suppressed in
Laramide-type orogenic events due to the shallow depth to which the crust is forced (Dickinson
et al., 1978; Copeland et al., 2017).
The core of the Black Hills consists of Precambrian igneous and metamorphic rocks
formed in the latest Archean and Proterozoic eons (Redden and Dewitt, 2008). The metamorphic
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rocks in the interior of the Black Hills are derived from a variety of sedimentary rocks as well as
lava flows and igneous sills and dikes, and as such an assortment of lithologies, including
metagraywacke, quartzite, and metamorphosed shale/tuff/basalt is included in the Precambrian
core (Redden and Dewitt, 2008). The Precambrian rocks have experienced two episodes of
metamorphism. The first was a regional metamorphic event that is associated with the collision
of the Superior craton and the Wyoming craton, as well as the Hearne craton in present day
Saskatchewan, and resulted in the Trans-Hudson orogeny (1.91 – 1.8 Ga) which affected all
rocks older than the Harney Peak Granite and produced a north-northwest trending foliation
(Redden and Lisenbee, 2010; Corrigan et al., 2009). The second was a thermal metamorphic
event that is associated with the 1.7 Ga intrusion of the Harney Peak Granite (Redden and
Dewitt, 2008). The emplacement of the Harney Peak Granite is due to mid-crustal melting and
post-collisional leucogranitic magmatism, associated with shear-heating generated by the TransHudson orogeny (Nabelek, 1999). While the rocks created in the first metamorphic episode are
more widespread throughout the Black Hills, the metamorphic rocks created by the second
episode are peripheral to the Harney Peak Granite (Redden and Lisenbee, 2010). Several notable
sites can be found in the Precambrian core, such as Black Elk Peak (formerly Harney Peak),
Custer State Park, and Mount Rushmore National Memorial.
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Figure 3: Stratigraphic column of the sedimentary units found in the Black Hills. (Redden and Lisenbee, 2010).
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Surrounding the central core of the Black Hills is a sequence of Paleozoic and Mesozoic
sedimentary rocks, beginning with the Cambrian Deadwood Formation and extending to the
Cretaceous Pierre Shale (Figure 3). These sedimentary units compose the regions of the Black
Hills known as the Limestone Plateau, the Red Valley, and the Cretaceous Hogback (Redden and
Lisenbee, 2010). The Limestone Plateau is composed of the Mississippian Madison (Pahasapa,
locally) Limestone, the Permian Minnelusa Formation (interbedded limestone, sandstone, and
dolomite), and the Permian Minnekahta limestone, all of which host significant aquifers for
western South Dakota and eastern Wyoming (Carter et al., 2003).
A ridge of resistant Permian Minnekahta limestone denotes the transition from the
Limestone Plateau to the Red Valley. This region a broad valley which developed due to the
relative ease of erosion of the Triassic Spearfish and Jurassic Sundance Formations, which are
colored red due to iron oxides (Redden and Lisenbee, 2010).
The Cretaceous Hogback serves as the outer limit for the Red Valley. The ridge crest is
composed of resistant Cretaceous Lakota Sandstone, and the inner slope is underlain by Jurassic
Morrison Shale, Jurassic Unkpapa Sandstone, and Jurassic Sundance Sandstone (Redden and
Lisenbee, 2010). The Cretaceous Hogback forms a high-rising ridge that encircles the Black
Hills and acts as the boundary between the Black Hills and the surrounding prairie.
The structural geology of the Black Hills is more complex than the “broad dome” that it
is sometimes considered to be. The thrust of the crystalline basement rocks, associated with the
Laramide orogeny, has created two major structural blocks in the Black Hills which are
essentially separated by the Fanny Peak monocline: a higher, north-trending central block that
underlies much of the central Black Hills, and a lower, northwest-trending block that is largely in
Wyoming and underlies the Bear Lodge Mountains and Missouri Buttes (Redden and DeWitt,
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2008). The uplift of these structural blocks caused widespread deformation of the sedimentary
units and flanked the region with two long monoclines (Redden and Lisenbee, 2010). The Fanny
Peak monocline on the western edge of the Black Hills differs in its geometry from the White
Gates monocline on the eastern edge, the latter being steeper in dip (Figure 5). The differences in
monoclinal structures can be seen by comparing two sections of Red Valley. Between Custer, SD
and Newcastle, WY, the Red Valley is broad, due to the modest dip of the Fanny Peak
monocline, which exposes more of the Spearfish and Sundance Formations to erosion; however,
between Custer and Rapid City, SD, the Red Valley is narrow because of the steep dip of the
White Gates monocline.
Paleogene magmatism was widespread in the northern Black Hills between 50 and 58
Ma, shortly after the beginning of the Black Hills uplift (Redden and DeWitt, 2008). Igneous
intrusions such as dikes, sills, laccoliths, small pipes, and irregular-shaped bodies have created
numerous notable landforms in this region such as Bear Butte, Devil’s Tower, Terry Peak, and
the Missouri Buttes (Redden and DeWitt, 2008). The shapes of these intrusive masses are greatly
influenced by the structure of the invaded rocks, considering that the molten material intrudes
and flows along planes of interior weakness, such as planes of schistosity or bedding planes
between sedimentary units (Darton and Paige, 1925). Many of the intrusive features in the
Paleozoic rocks of the northern Black Hills take advantage of bedding planes and have lifted the
strata in some places into domes of considerable height and size (Figure 4) (Redden and DeWitt,
2008). While these Paleogene igneous or igneous-related rocks exhibit a range of compositions,
they are predominantly alkalic and iron-rich (Redden and DeWitt, 2008).
The different regions of the Black Hills vary geomorphologically- a function of their
differences in geology- and as such, each region has a very distinct landscape character. The
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Central Core of the Black Hills is characterized by significant topographic relief and dramatic
“needles” composed of weathered granite (e.g., Cathedral Spires). As the geology in the Central
Core is highly resistant, these “needles” formed over millions of years, and are today a unique
feature that is emblematic of the central Black Hills.
Moving outwards from the Central Core to the Limestone Plateau, there is a transition
from jagged granite spires to a moderately undulating prairie. Throughout the Limestone Plateau
there are several expansive networks of dissolution caverns, such as Wind Cave National Park
and Jewel Cave National Park. Furthermore, there are numerous “disappearing streams” in the
Limestone Plateau, which seep into the permeable bedrock, only to resurface elsewhere as
springs (e.g., Boxelder Creek at Custer Gap) (Redden and DeWitt, 2008). The Limestone Plateau
also contains numerous, deeply incised canyons, such as Hell Canyon, Rapid Creek, and
Spearfish Canyon (Redden and DeWitt, 2008).
The Red Valley surrounds the Limestone Plateau and is recognizable due to its red, ironoxide rich soils (Redden and Lisenbee, 2010). The relative flatness of the Red Valley is due to
the preferential weathering of its softer sedimentary units, compared to the more resistant
limestones and sandstones that make up the Limestone Plateau and the Cretaceous Hogback,
respectively (Redden and DeWitt, 2008). Due to the flatness of the Red Valley, several towns
and communities are situated in this region, such as Spearfish, SD and Sundance, WY, as well as
parts of Rapid City, SD.
The Cretaceous Hogback, which encircles the Black Hills, has a steep inner slope that
rises several hundred feet above the bottom of the Red Valley, whereas the outer slope is
gradual, and creates long plateaus in the north, south, and western parts of the ridge (Redden and
DeWitt, 2008). The ridge is not continuous as it is broken into many level-crested segments of
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varying length by streams, such as the Cheyenne River and Belle Fourche River (Darton and
Paige, 1925). Due to the steepness of the inner Cretaceous Hogback, as well as continued
excavation of the Jurassic rocks, some landslides have occurred during wet years, which may
threaten communities within the Red Valley (Redden and DeWitt, 2008).
The Black Hills region is characterized by greater lithologic diversity, more complex
structure, greater mineral resources, and a greater geomorphological variability than adjacent
physiographic provinces, and as such, has been the subject of considerable geologic research
(e.g., Nabelek, 1999; Redden and Dewitt, 2008; Corrigan et al., 2009; Redden and Lisenbee,
2010). However, it has not been evaluated in terms of its geodiversity or for the ecosystem
services that the area provides. The goal of this research is to address these shortcomings by
cataloging the geologic ecosystem services delivered by the Black Hills, as well as assessing this
region’s geodiversity. While this manner of research has been conducted in other parts of the
world, it will be the first of its kind conducted in the United States.
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Figure 4: Geologic map of the Black Hills area. Location of cross sections AA’ and DD’ are shown. Geologic code:
Xg: Precambrian metamorphic and igneous rocks, lPz: lower Paleozoic units (Cambrian-Mississippian), uPz: upper
Paleozoic units (Pennsylvanian-Permian), T: Triassic units, J: Jurassic units, uK1-uK3: undesignated Cretaceous
units (oldest to youngest), Ti: Paleogene igneous rocks, Twr: Paleogene White River Group, Tp: Paleogene
Pliocene (Upper Miocene-Pliocene Ogallala Formation). Source: https://www.geowyo.com/devils-tower--blackhills.html

Figure 5: Southwest to northeast structural cross sections AA’ (northern Black Hills) and DD’ (southern Black
Hills) from Figure 3. The “Great Unconformity” between Precambrian and Phanerozoic rocks indicated by solid
red line. Source: https://www.geowyo.com/devils-tower--black-hills.html
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Chapter Two – Cataloging of Geologic Ecosystem Services
Introduction
Identification of ecosystem services requires an understanding of the biogeochemical
cycles and natural processes at work within an ecosystem, as these ecosystem functions underpin
the delivery of services (Daily, 1997). In the book Nature's Services: Societal Dependence on
Natural Ecosystems, essay contributions from a variety of authors seek to describe the specific
ecosystem services derived from specific biomes (e.g., marine ecosystems, forest ecosystems,
grassland ecosystems), and as such, this book provides a lengthy list of ecosystem services
(Daily, 1997). However, very few of the services described in these essays are strictly geologic
services. The assumption was made that the services described by Gray et al. (2013) in Figure 2
was an exhaustive list of abiotic (more specifically, geologic) ecosystem services, and services
were chosen and applied based on this list, as well as consideration of how some services could
be categorized multiple ways (e.g., soil formation as a provisioning and a supporting service).
In order to catalog which specific geologic ecosystem services are provided by the Black
Hills, extensive field time was spent observing and researching exactly how the land was
utilized. Some geologic ecosystem services, such as “Recreation & Tourism (Cultural)” or
“Mineral Matter (Provisioning)” were self-evident in this region, noted by the various hiking
trails and mines spread throughout the Black Hills. Other services, such as “Biochemicals,
Pharmaceuticals, & Natural Medicines (Provisioning)” were revealed through research and
literature reviews, which discussed how Native Americans used the region, as well as other
historical uses. In total, 25 geologic ecosystem services were identified in the Black Hills region,
and are presented in Table 1, which is formatted after the table in Gordon and Barron (2013).
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Geologic goods and services can benefit society in a variety of ways. To begin, geologic
ecosystem services can either be use or non-use services. Use services have limited stocks and
are capable of being depleted and the service exhausted, whereas the enjoyment of non-use
services ultimately does not deteriorate or diminish the stocks of the service. When considering
specifically use services, geology can contribute either directly or indirectly to the delivery of
these services. A direct relationship between geology and an individual services implies that the
physical geologic materials or structures are delivering the service (e.g., geologic units which are
quarried for mineral resources). However, an indirect service implies that geological structures or
materials may provide resources needed for other ecosystem structures to deliver the service
(e.g., soil nutrients provided by the pedosphere to the biosphere).
What follows is an examination of each individual service, in which the service is
described in a general context, as well as within the context of the Black Hills region. After the
service description, there is a discussion of the perceived relationship between the specific
geologic ecosystem service and geodiversity, based on the broad geodiversity components of
lithology, pedology, topography, and geomorphology. The examination of each service closes
with a discussion that serves to validate the existence of each service and support the
identification of the service.
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Table 1: Geologic Ecosystem Services identified in the Black Hills Region, cataloged according to Gordon and
Barron (2013). The MA Category column refers to the ecosystem service categories created by Reid et al. (2005).
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Artistic Value (Cultural)
Description of Service: Natural scenery and landscapes are often the basis for works of art that
span across a variety of mediums. The goal of these landscape artworks may range considerably,
but often aims to highlight the visual qualities of a region, and in this way capture its natural
beauty. Landscape art aims to portray the “truth” of a landscape and requires appreciation and
understanding of the properties of the constituent rocks and geological structure (Gordon, 2012).
Artistic inspiration can be derived from a number of sources within the landscape, such as
physical features of the landscape (e.g., valleys, water bodies, cliff faces), the biota that inhabits
the region, or the history of that region and how this history influences the present day. The
artistic value that the physical world possesses is often a function of geomorphological aspects,
which creates unique landforms; however, these geomorphological aspects are strongly
controlled by the underlying lithology of the area (Panizza and Piacente, 2005).
Physical features within the Black Hills, such as Devil’s Tower or Cathedral Spires
(Figure 6), are unique, especially when considered within the context of the surrounding Great
Plains. These features have been the focus of numerous pieces of photography as well as
landscape paintings and drawings. Because of the geographic distinctiveness of the Black Hills,
this region is home to a diversity of flora and fauna that are not found elsewhere within the Great
Plains region, which often serve as the subject of photography and sculpture. The Black Hills has
a rich history of settlement for both Native Americans and pioneers, and this history is often
shared through storytelling and pieces of cinema.

Contribution of Geodiversity: Geodiversity contributes directly to artistic value, through its
influence on landscape character and qualities. Geodiversity is positively correlated with artistic
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value, particularly when considering the aspects of topography, lithology, and geomorphological
processes. Landscape art attempts to capture the character of the landscape, which is established
by the physical environment. A pastoral, prairie landscape, such as the one found in the Red
Valley and the Limestone Plateau, has a very different character than do the peaks and weathered
granite spires found within the Precambrian core. However, both types of landscape characters
are the subject of large bodies of artwork. For this reason, topographic variability contributes
significantly to the artistic value of a region.
Geologic units vary in their susceptibility to weathering, some units being more resistant
than others, creating topographic relief. The weatherability of a geologic unit is a fundamental
aspect of the landforms found within a region, and these landforms contribute significantly to the
character of a region. Therefore, a variety of lithologic units, and their associated weatherability,
helps to create a variety of landforms and influences the artistic value of an area.
Related to topography is the influence of geomorphological processes in establishing
artistic value, specifically the role of water bodies. Water plays a fundamental role in shaping
and creating a landscape, as it is the agent which removes, transports, and deposits material,
making landscapes dynamic and diverse. Geomorphological processes are largely responsible for
the topographic diversity that constitute a regions’ landscape character, and, therefore, contribute
to the artistic value of a region.

Validation of Service: Several coalitions of artists can be found throughout the Black Hills, each
of which actively have an intimate connection with the Black Hills or use aspects of the Black
Hills as inspiration for their work. One such group that has a close connection to the Black Hills
is the group Artists of the Black Hills, who require a “history of a presence in the area through
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gallery or museum showings, or other public installations” for an individual to be a member
(Artists of the Black Hills, n.d.). The Black Hills Art Association has hosted many events, known
as “paint-outs,” where sites throughout the Black Hills are the subject of exploration through art
(Black Hills Art Association, n.d.). Other groups such as the Lead Deadwood Arts Center, the
Hill City Arts Council, and the Sturgis Area Arts Council have works of art within their galleries
that draw inspiration from aspects of their surrounding environment.

Figure 6: Cathedral Spires, in the Black Elk Wilderness. Precambrian core physiographic province of the Black
Hills.
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Aesthetic Value (Cultural)
Description of Service: Aesthetic value is the value that an object, event, or state of affairs
possesses in virtue of its capacity to elicit pleasure or displeasure when appreciated or
experienced aesthetically (Plato and Meskin, 2014). Aesthetic value is similar to artistic value, in
that both of these values are concerned with beauty. The difference, however, between these two
sources of value is how the beauty is received or enjoyed by the individual. Whereas the goal of
the artist is to capture the beauty of a landscape, aesthetic value is derived from experience and
emotional response. This is not to say that artistic and aesthetic values are mutually exclusive, in
fact, these two sources of value often coincide. However, an object can be aesthetically pleasing
without being beautiful, and the opposite is true as well.
The quality of the landscape greatly influences the aesthetic experience. A natural, scenic
landscape has the potential for therapeutic effects on human health and well-being, as opposed to
a heavily managed and manufactured environment. In some ways, the Black Hills is similar to
the surrounding Great Plains, in that both are sparsely populated, a function of the ranching and
agricultural lifestyles. However, whereas the Great Plains province is monotonous in its scenery,
the Black Hills acts almost as a reprieve, providing individuals with a textured landscape that can
be experienced in a vehicle or on foot.

Contribution of Geodiversity: Geodiversity is directly related to the aesthetic value of the
landscape through its influence of landscape character and quality. Geodiversity is positively
correlated with aesthetic value. Like artistic value, aesthetic value is concerned with eliciting
pleasure (or displeasure), and so many of the aspects of geodiversity which contribute to artistic
value, contribute to aesthetic value (i.e., topography, lithology, and geomorphologic processes).
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One component of geodiversity that is important for aesthetic value is pedologic
diversity, as this influences the flora and fauna found within a region. While flora and fauna may
have artistic value for individuals, it is significantly important to the aesthetic value of a region,
considering its influence on the overall reception and environmental quality of a region. While it
is difficult to establish a causal link between biodiversity and human health, it appears that
biodiversity contributes indirectly to human-health via cultural goods and values (Clark et al.,
2014). Therefore, if biodiversity contributes to aesthetic value and human health, and a direct
relationship exists between biodiversity and pedologic diversity, this supports the importance of
pedologic diversity to the aesthetic value of a region (Ibáñez and Feoli, 2013).

Validation of Service: The aesthetic value of the Black Hills is embodied by the numerous scenic
drives and overlooks that are found throughout the region. The two most renowned scenic drives
are the Peter Norbeck Scenic Byway and the Spearfish Canyon Scenic Byway, which showcase
90 miles of the Black Hills’ scenic highways (USDA, n.d.(a)). Other notable attractions which
display the aesthetic value of the Black Hills are the Custer State Park Wildlife Loop State
Scenic Byway, Needles Highway, Black Hills Parkway, and Iron Mountain Road. Scenic
overlooks within the Black Hills are Black Elk Peak, Mount Coolidge Summit, and Sylvan Lake
(Figure 7). These overlooks and scenic byways aim to capture the varied landscape character of
the Black Hills and put this character on display for visitors.
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Figure 7: View from the top of Black Elk Peak (formerly, Harney Peak). Precambrian core physiographic province
of the Black Hills.

Education (Cultural)
Description of Service: Place-based learning allows the physical environment to be used as a
learning tool for classrooms. By providing students with real-world examples of classroom
concepts in their immediately surrounding environment has the potential to endow an area with
greater attachment and meaning to an individual (Semken and Freeman, 2008). With a large
lithologic diversity, complex structure, and geomorphic variance, the Black Hills region is an
outstanding area to examine from an earth sciences perspective. The Black Hills region possesses
a rich geologic history, one shaped and influenced by orogenic events which created the uplift, as
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well as transgressive and regressive sequences which deposited numerous sedimentary layers.
When considered within the context of the surrounding Great Plains, the Black Hills region is a
geologic oddity, appearing as an isolated mountain range within a sea of grasslands, and
containing igneous and metamorphic rocks that are several billion years old. The geology and
structure of the Black Hills can be best appreciated through road cuts, where stratigraphic
sequences are exposed, and overlooks, where larger scale structures can be observed.
Because the Black Hills region is so vastly different from the surrounding Great Plains,
the flora and fauna within this region are unlike that found in the Plains region. Plant
communities that are representative of the Rocky Mountains, Great Plains, northern boreal
forests, and eastern deciduous forests converge within the Black Hills, making it an ecological
crossroads that is home to over 1500 plant species (USDA, n.d.(e)). Faunal species such as
mountain goats, mountain lions, and elk are found within the Black Hills. This diversity of biota
within the Black Hills is interesting as these species are not found for hundreds of miles around,
making this region a unique setting from which to answer questions concerning population
demographics, genetic lineage, and predator-prey relationships.

Contribution of Geodiversity: Geodiversity is both directly and indirectly related to the delivery
of this service, as it allows for educational opportunities pertaining to both geology (direct
relationship) and biology (indirect relationship). Geodiversity is positively correlated with
education. Areas of high lithologic diversity present an opportunity to examine and discuss the
variety of rock types, as well as the mechanisms through which these units form. From a high
lithologic diversity, a pedologic diversity is possible, considering that different soil types are
derived from different parent materials. Pedologic diversity presents an opportunity to discuss
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the processes and features which distinguish one soil type from another. Moreover, it has been
shown that biodiversity and pedologic diversity are positively correlated, thus areas of high
pedologic diversity can contribute to biology education in an area (Ibáñez and Feoli, 2013).
Geomorphologic processes create a textured landscape, possessing a variety of landforms
which contribute to the topographic diversity of an area. This relationship creates a dynamic
environment that provides an ideal setting to discuss and learn about earth science.

Validation of Service: Numerous educational field trips have featured the Black Hills as their
setting, and have covered a variety of topics, ranging from geophysics (Redden and DeWitt,
2008) to karst hydrogeology (Long et al., 2008). These educational field trips and research
projects help to better understand the complexities of the Black Hills, as well as have
implications abroad. Furthermore, with the establishment of several state (e.g., Custer State Park)
and national parks (e.g., Wind Cave National Park) (Figure 8) within the Black Hills, as well as
natural areas (Figure 9), there is a concerted effort to communicate to the public the uniqueness
of the region, from both a geologic and biologic perspective.
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Figures 8 (top) and 9 (bottom): Signage for Wind Cave National Park and Cathedral Spires and Limber Pine
Natural Area. These protected areas are among several National Parks and National Monuments found within the
Black Hills region, along with numerous State Parks. The establishment of these protected areas allows for
interpretive information to be shared with the public and increase educational value of natural landscapes.
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Knowledge Systems/Knowledge Capital (Cultural)
Description of Service: Stratigraphic cross sections of sedimentary rocks often store information
that is useful for understanding the paleoenvironmental history of an area. These
palaeoecological records, along with landforms and sediments document past changes in
ecosystem services and landscape readjustments over time (Figure 10) (Gray et al., 2013).
Understanding the information preserved by these records, landforms, and sediments can be a
useful tool in predicting future trends and trajectories in environmental succession and ecosystem
services (Gray et al., 2013). Along with documenting changes in the delivery of ecosystem
services, long-term palaeoecological records have also been shown to be adequate predictors of
when ecological thresholds are being approached, thus informing and directing management
decisions (Dearing et al., 2012). The Black Hills, in particular, is of significant geoscience
knowledge, as it is the southernmost expression of Trans-Hudson orogeny (Corrigan et al.,
2009), and the easternmost expression of the Laramide orogeny (Dickinson et al., 1978;
Copeland et al., 2017)
Separate from the information stored within the rock record, there are several regions of
the Black Hills that have been designated experimental plots of land, examples of which are the
Black Hills Experimental Forest and the Sturgis Experimental Watershed. On these experimental
plots, the National Forest Service tests and analyzes a variety of land and resource management
techniques. Along with determining the management practices that protect the health of the land,
the work conducted on these experimental plots of land also benefits society as it ensures the
maximum output of natural capital, while minimizing the external costs that may be placed on
downstream communities.
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Contribution of Geodiversity: Geodiversity is directly related to the delivery of this service, as
sedimentary units act as the paleoecologic archives, and the physical environment acts as the
laboratory for experimental forests and watersheds. Geodiversity has a complex relationship with
knowledge systems and knowledge capital, and therefore there is no perceived correlation.
Initially, a negative correlation could be perceived, considering that sedimentary records
are ideal for storing information about palaeoecological conditions, considering that these types
of rocks form at or near the surface, and preserve information about surface conditions. The
intrusion of igneous and metamorphic rocks can potentially destroy palaeoecological records
stored within sedimentary rocks. Therefore, a lithologic diversity is not ideal for this service.
Moreover, other aspects of geodiversity, such as topography and geomorphological processes are
also considered to negatively impact the delivery of this service. Areas of high topographic
diversity are more susceptible to erosion, which can erase information stored within the rock
record. Moreover, mass movements, while important indicators of environmental conditions, can
remove or confuse parts of the rock record, making palaeoecological records difficult to
interpret.
However, upon further consideration, a positive correlation could also be perceived,
considering that a diversity of sedimentary units would provide a more substantial catalog of
palaeoecological conditions. Moreover, varied topography promotes the creation of valuable
exposures of rock units, which may be important to understanding past ecological conditions. As
a function of topography, a greater geomorphologic variability will also facilitate the exposure of
new, fresh surfaces of the units of interest.
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Validation of Service: Stratigraphic cross sections of rocks are exposed throughout the Black
Hills, in road cuts and canyons. The rock types present in these cross sections document the
paleoenvironment at the time of deposition, revealing whether the region was a deep or shallow
sea, a coastal dune field, or grassland prairie.
The Black Hills is home to several experimental forests and watersheds, examples of
which are the Black Hills Experimental Forest and the Sturgis Experimental Watershed. The
purpose of the Black Hills Experimental Forest is to test, modify, and develop practices that
maximize the production of high-quality timber, while exploring the effects of soil moisture,
game habitat, forage production, and snow accumulation and melt (USDA, n.d.(f)). The goal of
the Sturgis Experimental Watershed is to analyze, develop, demonstrate, and disseminate
scientific information about protecting, managing, and utilizing watershed resources (USDA,
2006). These outdoor research facilities conduct research which can inform and direct
management decisions and activities.
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Figure 10: Current ripples on a block of the Minnelusa Formation in Custer State Park. Example of how
sedimentary rocks can preserve palaeoecological conditions, which may be useful in understanding the
paleoenvironmental history of an area.

Recreation & Tourism (Cultural)
Description of Service: The physical environment is an influential factor in where vacationers
decide to spend their free time and plays an integral role in the recreational opportunities and
tourist locations found within a region. The Black Hills region is home to numerous state and
national parks and monuments, which provide a plethora of recreational activities, such as
hiking, biking, camping, climbing, fishing, swimming, or spelunking. The communities within
the Black Hills also host several events and festivals that draw visitors to the region.
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Many of the features of interest within the Black Hills are rooted in unique geologic
structures and are the basis for many of the state and national parks found within the region. For
instance, dissolution caverns within the Limestone Plateau are the focal features of both Wind
Cave National Park and Jewel Cave National Monument. Paleogene igneous activity explains the
presence of Bear Butte State Park and Devil’s Tower National Monument, which have cultural
significance to Native American tribes. Other notable recreational and tourist sites in the Black
Hills region include Custer State Park, Mt. Rushmore National Memorial, and the Crazy Horse
Memorial.
These physical attractions, which have direct implications for tourism and recreation in
the Black Hills region, also have indirect implications, as they draw visitors to the towns and
communities found within the region. During peak tourism season, visitors drawn to the physical
environment of the Black Hills may represent a seasonal flux in the local economy, as many of
the visitors spend money in shops, restaurants, and lodges. In this way, local communities tend to
cater towards these visitors and embrace the Black Hills as their identity, thus the physical
environment influences the character and culture of the Black Hills’ communities.

Contribution of Geodiversity: Geodiversity is both directly and indirectly related to this service,
as the physical environment is the basis for tourism and recreation sites (direct), and the visitors
attracted to physical features represent a seasonal flux in the local economy (indirect).
Geodiversity is positively correlated with tourism and recreation. Lithologic diversity greatly
contributes to the different landscapes found within the Black Hills and explains the presence of
several recreational activities and tourism locations. The resistant igneous and metamorphic
material that comprises the Precambrian core, as well as areas of Paleogene intrusions, allow for
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activities such as hiking and climbing, considering the topographic variance associated with
these regions. Furthermore, the Limestone Plateau hosts several extensive networks of caves,
which have formed through the dissolution of the limestone. This lithologic diversity influences
the pedologic diversity in the Black Hills, which influences the flora and fauna found within the
region and is the basis for the Black Hills’ appeal for wildlife observation (Ibáñez and Feoli,
2013).
Topographic diversity is heavily influenced by the presence of geomorphologic processes
and lithologic variation. A diversity of geomorphologic processes and lithologic units produces
an array of landforms and features, which may be crucial to the presence of a recreational or
tourism attraction.

Validation of Service: Geology is often a focal point of advertisement and tourism campaigns,
evidenced by Arizona’s advertisement of the Grand Canyon, or Wyoming’s advertisement of the
Grand Tetons, and the Black Hills is no exception. As has been mentioned, the Black Hills is
home to Mount Rushmore National Memorial, and this monument is featured in many tourism
campaigns for the state of South Dakota. In fact, the standard license plates for South Dakota
features a depiction of Mount Rushmore, along with the slogan, “Great Faces. Great Places.”,
thus supporting the claim that the Black Hills is at the center of South Dakota’s tourism
campaigns (SDDOR, n.d.).
The Black Hills and Badlands Tourism Association is a private, non-profit organization
that is composed of representatives from the chambers of commerce from several towns within
the Black Hills, as well as business owners who operate within the Black Hills. Their mission is
“to serve as a unifying force to increase visitor numbers, trip duration and visitor sales for the
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economic benefit of our members and the communities we serve” (BH&B, 2021). Associated
with this mission, the BH&B records information about annual visitors to the Black Hills region,
along with where these visitors originate from and their economic impact on communities within
the Black Hills (Table 2). Comparing the fiscal years of 2020 and 2021, the BH&B recorded a
22.81% increase in the tourism index (BH&B, 2021). Along with the increase in the tourism
index, the BH&B also recorded a 31.6% increase in taxable sales (Table 2) (BH&B 2020;
BH&B 2021).

Table 2: Tourism statistics for the Black Hills. Information gathered from BH&B (2020) and BH&B (2021).

Fiscal Year

Taxable Sales

2020
2021

$442,000,000
$509,950,000

Number of National Park
Visits
4,200,000
4,800,000

Culturally Significant Sites (Cultural)
Description of Service: It is not uncommon for a natural area to be designated as culturally
significant to a group or population. These locations may be centered on a certain physical
feature, to which a historical or religious/spiritual significance may be attached. The Black Hills
is home to many culturally significant sites, which are important due to the feelings of patriotism
or spiritual connection that they instill within certain groups, as well as historical significance a
location may hold. Due to the importance of these locations to certain groups, many of these sites
have been designated as state parks or national monuments, to ensure that the integrity of these
sits is protected.
Examples of locations within the Black Hills that are important due to its generation of
spiritual connection are Bear Butte State Park (Figure 12), Devil’s Tower National Monument,
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and Wind Cave National Park. These sites are important to Native American tribes and are
specifically mentioned in several creation stories. These sites may also be used in the practice of
spiritual ceremonies.
Other locations within the Black Hills may be important for the feelings of patriotism that
they instill (e.g., Mount Rushmore National Memorial), or due to the historical significance of
the site on local communities (e.g., the Homestake Mine). The Homestake Mine is of particular
interest, as it was formerly a considerable source of mineral matter but has since been converted
into the Sanford Underground Research Facility, where physics-based research is conducted.
Moreover, the cultural heritage of mining within the Black Hills region is significant, as it helps
to explain the distribution of people throughout the region, specifically into the area that is
modern-day Deadwood and Lead, SD (Black Hills Mining Museum, n.d.).

Contribution of Geodiversity: Geodiversity is directly related to the delivery of this service, as
many of these culturally significant sites are established based on geologic features or structures.
Geodiversity has a complex relationship with culturally significant sites, and therefore there is no
perceived correlation. When considering individual culturally significant sites within the Black
Hills, many of these sites occur within a single geologic unit. For instance, Bear Butte is a large
plug of rhyolite, and Wind Cave formed within the Pahasapa Limestone (Redden and DeWitt,
2008). Similarly, Mount Rushmore is carved into the Harney Peak granite (Graham, 2008).
Therefore, lithologic diversity may not be preferred in the delivery of this service. When one
considers the importance of these sites to individual groups, the destruction or deterioration of
these sites is a severe loss. Therefore, minimal geomorphological activity is preserves landscape
features, which may be of cultural significance.
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Topographical variance is one aspect of geodiversity that seems to be preferred in the
delivery of this service. Specifically, when considering sites that promote spiritual connection,
higher places are preferred by the Cheyenne and Lakota people, as these locations are thought to
bring people into closer contact with Tunkan’sila [Grandfather] or Taku Skanskan (U.S. National
Park Service, 2003). Moreover, “caves are certainly understood as earth centers, places where
the souls of humans and animals undergo a metamorphosis from their immaterial spiritualized
selves to their physical forms” (U.S. National Park Service, 2003).

Validation of Service: The Black Hills are considered sacred by traditional Lakota, Cheyenne,
Arapaho, Kiowa, and Kiowa-Apache peoples (Sundstrom, 1996), with the Lakota people
describing the Black Hills as “the heart of everything that is” (U.S. National Park Service, 2003).
As different groups of people occupied the Black Hills region, different points on the landscape
became central to religious traditions, operating within a system of ethnoastronomical and
mythological beliefs (Sundstrom, 1996). For example, the Lakota people trace their origin and
their creation story back to Wind Cave (U.S. National Park Service, 2003). Religious traditions
and sites of cultural significance were transferred and adapted by new groups who entered the
territory, each group incorporating the Black Hills into their identity and belief systems
(Sundstrom, 1996).
Along with the spiritual importance of the Black Hills, the region is also home to Mount
Rushmore National Memorial (Figure 11), a massive sculpture of the heads of George
Washington, Thomas Jefferson, Abraham Lincoln, and Theodore Roosevelt. This sculpture
serves to memorialize these four men for the important roles they played in American history
and elicits feelings of patriotism from the many Americans who visit each year (Graham, 2008).

50

Figure 11: Mount Rushmore National Memorial. Featuring (from left to right) George Washington, Thomas
Jefferson, Theodore Roosevelt, and Abraham Lincoln. Sculpted into the Harney Peak granite.

Figure 12: Bear Butte State Park, with prayer flags hung from the trees in the foreground.
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Sense of Place (Cultural)
Description of Service: Sense of place refers to the emotive bonds and attachments people
develop or experience in particular locations and environments, bonds which may form due to
economical, aesthetic, cultural, or religious reasons, and can be strengthened by personal and
community ties (Foote, 2009; da Silva, 2018). Sense of place can also describe the
distinctiveness or unique character of particular localities and regions, and in this way, can
become associated with specific features or landscapes (Foote, 2009). The emotive bond that an
individual forms to specific features or landscapes is unique and ultimately an expression of the
individual’s values and concepts, as these components of identity help humans to comprehend
various natural features (Adams, 1998). Sense of place is an inherently subjective form of value,
as it is rooted in experience. Since people often describe themselves in relation to a particular
place, place is an important facet of identity (Foote, 2009). Place-based experiences and a mutual
identification with one’s physical surroundings are important to the generation of a sense of
community.
The unique landscape character of the Black Hills fosters an attachment and a
relationship with the land. This attachment can be enhanced when considering the occupations of
individuals, as occupation can often contribute to one’s identity (Christiansen, 1999). Much of
the industry that takes place in the Black Hills involves the management of natural resources,
such as timber, mineral matter, or cattle herding, and as such, the livelihood of individuals
depends on the land. This dependence reinforces the attachment and sentiment that individuals
can develop towards the land. While each of the physiographic provinces within the Black Hills
may possess a distinct landscape character, there is a mutual, overarching sense of place and
sense of community within the Black Hills as a whole.
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Contribution of Geodiversity: Geodiversity is directly related to the delivery of this service, as a
sense of place is significantly rooted in ones’ physical surroundings. Geodiversity is positively
correlated with a sense of place. Landscape character is influenced by the landforms found
within a region and is often the basis for the sense of place that individuals associate with a
region. Lithologic units vary in their susceptibility to erosion and weathering, therefore, when a
region is rich in lithologic diversity, there is a greater chance for a variety of landforms to be
found. Depending on the size and scale of these landforms, the presence of these features can
contribute to a topographic diversity. This relationship between lithology and landforms is
underpinned by the presence of a diversity of geomorphologic processes, as material must be
eroded, transported, and deposited to create these landforms. These geomorphologic processes
also help to produce a pedologic diversity, which has been shown to be associated with
biodiversity (Ibáñez and Feoli, 2013). The flora and fauna of a region can also aid in the
generation of a sense of place, as certain biota can be associated with landscapes and with
particular places.

Validation of Service: The Black Hills identity is unique from that of eastern South Dakota, as
the Black Hills possesses a distinctly western American character, evidenced by reoccurring
themes and images such as cowboys, Indians, miners, fur trappers, the steam railroad, saloons,
and casino gambling (Pretes, 2003). The unique character of the Black Hills is evident in the
variety of festivals and events that take place within the region and draw visitors from across the
nation, events such as is the Sturgis Motorcycle Rally, the Black Hills Powwow, and the Custer
State Buffalo Roundup and Arts Festival (BH&B, n.d.). Along with exposing visitors to the
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Black Hills, these festivals and events involve many community members who help to organize
the events or sell their arts and crafts. This level of community involvement strengths the
community identity and supports the sense of place and belonging felt by individuals.

Soil Formation (Provisioning)
Description of Service: Soils in the Black Hills have formed under forested conditions, in a cool,
humid climate, distinguishing them from soils found elsewhere in the state, which formed under
grassland conditions in moist subhumid to semiarid climates (Malo et al., 2010). Because the
Black Hills is a different ecological setting than the surrounding Great Plains, the soil forming
factors (e.g., climate, organics, relief, parent material, and time) are different in this region.
The Black Hills region is classified as a cool, moist region, with an average annual
temperature between 3.5°C – 6.5°C, and average annual precipitation between 56 – 66 cm (Malo
et al., 2010). Unlike the rest of South Dakota, which consists of a combination of tall, short, and
mixed grass assemblages, the Black Hills is a heavily forested region, composed of ponderosa
pine, white spruce, aspen, bur oak, paper birch, and juniper (DeBlander, 2002). Whereas the
topography for the rest of South Dakota consists of rolling prairies and is reminiscent of the
Limestone Plateau and the Red Valley in the Black Hills, the Precambrian Core consists of deep
canyons and jagged peaks, providing few stable surfaces on which deep soil profiles could
develop.
The uplift of the Black Hills, and subsequent tilting of the Paleozoic and Mesozoic
stratigraphy, creates areas of concentrated lithologic variability within the Black Hills region.
Much of the parent material within the Black Hills is ancient crystalline and metamorphic rocks,
but these are surrounded by sedimentary rocks such as shale, sandstone, and limestone (Malo et
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al., 2010). Moreover, as a non-silicate parent material, soils derived from limestone are
substantially different from soils forming elsewhere in the Black Hills. Considering that the
igneous and metamorphic rocks in the Black Hills are more resistant than the surrounding
sedimentary rocks, longer amounts of time are required for the parent material to weather and
form deep soil profiles.

Contribution of Geodiversity: Geodiversity is directly related to the delivery of this service, as
the formation of soil is dependent on many aspects of geodiversity (e.g., lithology,
geomorphologic processes, and topography). Geodiversity is negatively correlated with soil
formation. Due to their compact, crystalline nature, igneous and metamorphic rocks are much
more resistant to weathering, whereas sedimentary rocks, which have greater internal surface
area and are therefore less durable, readily weather to produce soil profiles (Hudec, 1989). For
this reason, a greater lithologic diversity is not necessarily suitable to produce mass amounts of
soil, although it can produce a variety of soil types if given enough time. Topographic variance
also negatively influences the generation of soil, considering that steep slopes are not conducive
to pedogenic processes, such as infiltration. Instead, relatively flat or moderately undulating
topographies are suitable for pedogenesis, as these represent stable environments in which
pedogenic processes can take place.
At first glance, a diversity of geomorphologic processes would seem to promote
pedogenesis, as these processes would weather parent material and produce regolith, thus
providing the foundation for soil development. However, along with regolith production,
geomorphologic processes also impede pedogenesis, as erosion has the potential to destroy soil
profiles, and transport material out of a region.
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Validation of Service: Soil is the most important natural resource within the Black Hills, as it
underpins the production of many of the region’s marketable products (e.g., timber and
livestock) (Ensz, 1990). Therefore, the presence of these marketable products and the production
of these goods, reflects the presence of soil formation within the Black Hills. Primarily due to
differences in topography and parent material, certain regions of the Black Hills are more
suitable for soil formation.

Mineral Matter (Provisioning)
Description of Service: Mineral matter that has been mined in the Black Hills has a variety of
uses, such as in construction, ornamentation, or bullion. Along with being of importance to
modern society, the Black Hills has also been a historically important area for the provisioning of
mineral matter. The region was initially established for the use and inhabitation of the Sioux
Nation. However, when members of General George Armstrong Custer’s 1874 expedition
discovered gold placer deposits in French Creek, settlers and pioneers began to move into the
Hills and establish mining towns in the area that is modern-day Custer (Black Hills Mining
Museum, n.d.). Following the discovery of gold, the Black Hills experienced a mining boom,
with settlements spreading northward to what is now modern-day Deadwood (Black Hills
Mining Museum, n.d.).
Along with precious metals, such as gold and silver, the Black Hills produces a
substantial amount of mineral matter that is of interest to society, such as lead, zinc, tungsten,
and gypsum (Schwartz, 1928). In his 1914 work, Victor Ziegler identified 182 minerals found
within the Black Hills and in the immediately surrounding area. This list includes “7 native
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elements, 22 sulphides, tellurides and arsenides, 8 sulphosalts, 7 haloids, 26 oxides, 13
carbonates, 65 silicates, 2 niobates and tantalates, 24 phosphates and arsenates, and 22 sulphates”
(Schwartz, 1928). Aside from the rich diversity of mineralogical matter found throughout the
Black Hills, mining operations in the Hills have also produced sand and gravel, crushed rock,
dimension stone, and clay, which have a variety of practical uses to society (DeWitt et al., 1986).

Contribution of Geodiversity: Geodiversity is directly related to the delivery of this service, as
many aspects of geodiversity influence the presence of mineral matter (e.g., lithology and
geomorphologic processes). The exact contribution of geodiversity to the provisioning of mineral
matter is complex, and therefore there is no perceived correlation. With higher levels of
lithologic diversity, a wider range of mineral matter is available to be mined. Therefore, a gem
and mineral collector in the Black Hills might value lithologic diversity, as it could provide them
with a wider variety of goods. However, having a wide range of mineral matter is not always the
goal. For instance, if an individual were after a specific type of mineral matter (e.g., limestone
for cement production), increased lithologic diversity decreases the potential to find that specific
mineral type.
Along with lithologic diversity, geomorphologic processes and topography may play an
important role in the delivery of this service. In association with topography, geomorphologic
processes have the potential to aid in the delivery of this service by exposing outcrops of
mineralogic units and making extraction easier.

Validation of Service: The Homestake Mine in the northern Black Hills produced 41 million
ounces of gold and 9 million ounces of silver over its lifetime (Figure 13) (Black Hills Mining
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Museum, n.d.). But there are many other mines scattered throughout the Black Hills that have
been involved in the delivery of this service. Within the Black Hills are 85 metallic mineral
districts, which are different from conventional mining districts in that they are classified by age
of mineralization, minerals present, and structure of the deposit (Wilson and DeWitt, 1995).
Throughout these 85 metallic mineral districts, a total of 1084 mines and prospects have been
located, and, except for a few placer districts, all districts contain mines that produced, or are
inferred to have produced, ore material (Wilson and DeWitt, 1995).
Mining has been both culturally and economically important to the Black Hills region, as
many early settlements were established near ore deposits, and supported themselves with the
income produced by the nearby mining operations (DeWitt et al., 1986; Black Hills Mining
Museum, n.d.). Aside from the gold, silver, and copper produced by the Homestake Mine,
mining in the Black Hills region continues today (e.g., the Wharf Gold Mine), as mineral matter
such as gypsum, lime, building stone, sand and gravel, cement materials, semiprecious and
ornamental stones, clay, petroleum and natural gas, and uranium have been extracted from the
Black Hills region (Figure 14) (DeWitt et al., 1986). It is estimated that, if the 1983 price for the
commodity is used, the value of mineral commodities extracted from the Black Hills between
1874 and 1985 is more than $17 billion, thus demonstrating the importance of mining not only
for Black Hills communities, but also for the state of South Dakota (DeWitt et al., 1986).
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Figure 13: Homestake Mine, located in Lead, SD. Paleogene igneous activity emplaced the white rhyolite dikes,
which can be seen in the center of the image.

Figure 14: Bob Ingersoll Mine (abandoned), located outside Keystone, SD. Primary mineral production was
lithium, beryllium, and mica (Tuzinski, 1983).
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Water (Provisioning)
Description of Service: Society draws its water from a combination of surface and underground
sources. Once obtained, this precious resource has a variety of purposes, such as municipal
consumption, agricultural practices, industrial processes and recreational activities. The
importance of geology in the collection and provision of water cannot be overstated, considering
that it influences where both surface and groundwater is found.
The Limestone Plateau is a very important recharge zone for several bedrock aquifers
which supply water for much of western South Dakota and eastern Wyoming. The major
aquifers that outcrop in the Black Hills are the Deadwood, Madison, Minnelusa, Minnekahta,
and the Inyan Kara (Carter et al., 2003). Each of these aquifers has an area of several thousand
square miles, expressing not only the aquifers’ ability to serve a very large area, but also its
ability to store massive amounts of water.
Surface water also has the potential to contribute greatly to the water-needs of
communities in the Black Hills. The USGS and the Bureau of Reclamation have compiled
storage information for five reservoirs in the Black Hills area: Angostura, Deerfield, Pactola,
Keyhole, and Belle Fourche (Miller and Driscoll, 1998). The water from these reservoirs is
primarily used for irrigation but is also used for municipal supply (Miller and Driscoll, 1998).
Along with water storage and recreational use, these reservoirs also serve to manage natural
hazards by providing flood storage during abnormally rainy seasons.

Contribution of Geodiversity: Geodiversity contributes directly to the delivery of this service, as
lithologic units and topography control the movement and collection of water. The relationship
between this service and geodiversity is complex, and therefore there is no perceived correlation.
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Lithologic units vary in their porosity and permeability, which are important components to a
region’s ability to store groundwater; however, these same qualities which promote groundwater
storage, inhibit surface water storage. Sedimentary units such as sandstone and limestone are
suitable for the storage and transmission of groundwater, and a high number of these types of
materials (low lithologic diversity) would support the storage of groundwater, while preventing
the storage of surface water. In contrast, geologic units such as clays and igneous and
metamorphic rocks prevent the infiltration of water into the subsurface and promote the storage
of surface waters, due to their low permeability; although exceptions can occur, in which
fractured crystalline rocks may allow for infiltration and storage of water. Therefore, a region
with a high number of these units (high lithologic diversity) would support the storage of surface
waters.
Topography also plays a significant role in the collection and storage of surface and
groundwaters, considering that the landscape controls the movement of water both on the surface
and in the subsurface. Water collects in valleys and topographic low points, which necessitates
the presence of topographic high points as well. Therefore, high topographic diversity supports
the storage of both ground and surface waters, although the degree of difference between these
topographic highs and lows can vary considerably.

Validation of Service: The Black Hills experiences a pronounced orographic precipitation effect,
compared to the surrounding Great Plains (Figure 15), and, along with snowmelt, this rainwater
recharges surface and groundwaters in the region (Orr, 1975). Collectively, the aquifers found
within the Black Hills have an estimated 253.7 million acre-feet of recoverable water (Carter et
al., 2003). Aquifers that outcrop and are recharged in the Black Hills provide groundwater for
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municipal use to communities within the Black Hills, as well as those many miles removed from
the Black Hills (Figure 16) (McKaskey, 2013). Collectively, the five reservoirs previously
mentioned have an active storage capacity of 523,937 acre-feet; although, there are numerous
other smaller reservoirs and stock dams within the Black Hills which may be used to meet the
needs of individuals (Miller and Driscoll, 1998).

Figure 15: Precipitation (cm) in the Black Hills Region for the water year 1997. Map was created in ArcGIS using
precipitation data collected from Driscoll et al. (2000).
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Figure 16: Aquifer test sites for the Madison and Minnelusa aquifers. These maps show that the aquifers that
outcrop in the Black Hills provide groundwater over significant areas. (McKaskey, 2013).
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Fuel (Provisioning)
Description of Service: Fuel resources are an important commodity to an industrial society, as
these resources are used to drive engines, as well as produce electricity. The primary fuel source
derived from the Black Hills region is coal, natural gas, and oil. While there is substantial timber
production within the Black Hills, and timber represents a renewable fuel source, it is unlikely
that timber harvested in the Black Hills serves as a primary fuel source. Therefore, timber
resources in the Black Hills are discussed further in the “Fiber (Provisioning)” service section.
Considering its proximity to the Powder River Basin in Wyoming, as well as structural
folds and faults that are conducive to the collection of petroleum, one would expect there to be a
wealth of fossil fuel resources in the Black Hills; however, stocks of fossil fuels in the Black
Hills region are limited. Several coal beds have often been found at the base of the Lakota
sandstone throughout the Black Hills, in locations such as Aladdin, Cambria, and Sundance, WY
(Stone, 1912). Reserves of sub-bituminous coal have been found in the Fort Union and Wasatch
Formations, with some bituminous coal having been found in the Lakota Formation (Robinson et
al., 1981). Oil and natural gas fields have also been established in the areas surrounding the
Black Hills, predominantly to the west in Wyoming (Robinson et al., 1981). The major
discoveries of petroleum in the Black Hills have been found in the Newcastle (Muddy), Fall
River, Lakota, and Minnelusa sandstones (Gries, 1974). There is potential for lower-grade fossil
fuel resources in the Black Hills in the form of peat bogs. Several small wetlands are scattered
throughout the Black Hills uplift; however, larger bogs can be found in the northern and southern
Black Hills, close to the Belle Fourche and Angostura reservoirs (Figure 17) (Fretwell et al.,
1996).
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Contribution of Geodiversity: Geodiversity contributes directly to the delivery of this service, as
well as geologic structures and conditions conducive to forming fossil fuels. Geodiversity is
positively correlated with the provisioning of fuel. Lithologic diversity promotes the collection
and storage of petroleum products, such as oil and natural gas, as these fuels require units that
are permeable (for the fuels to collect) and units that are impermeable (for the fuels to be stored).
In the case of the Black Hills, some of the topographic variability is due to geologic structures
(e.g., faults and folds), which may create good conditions for the collection and storage of fossil
fuel resources (Redden and DeWitt, 2008).

Validation of Service: It is believed that the coal beds found within the Black Hills are lenticular,
with an average thickness of less than five feet and are generally bituminous in grade (Stone,
1912; Gries, 1974). Moreover, the original reserve of coal in the region is predicted to have been
352 million tons, which may seem large, but is comparatively small against the reserves of
surrounding counties (Gries, 1974). Cumulative production of oil and natural gas from Crook,
Custer, Niobrara, and Weston counties in 1973 totaled at 274 million barrels of oil and 188
million thousand-cubic-feet of natural gas (Gries, 1974). While oil and natural gas extraction
appear to be ongoing, it seems as though production in the Black Hills region has been declining,
as records show that Weston County Wyoming produced approximately 457,000 barrels of oil
and only 1 million thousand-cubic-feet of natural gas (DrillingEdge, n.d.)
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Figure 17: Distribution of wetlands in South Dakota. Potential stores of fossil fuels in the form of peat could be
found in the wetlands to the north and south of the Black Hills, associated with the Belle Fourche and Angostura
Reservoirs (Fretwell et al., 1996).

Fossils (Provisioning)
Description of Service: Fossil findings are of immense importance to society, as these help to
create a more complete understanding of how life has changed since it first appeared within the
geologic record (The Mammoth Site, n.d.). Organic remains of ancient flora and fauna require
specific settings and conditions to be preserved, a process known as taphonomy. Not all
organisms can become fossilized- flora and fauna must die and be buried in anoxic conditions for
the remains to be preserved. Along with the correct environmental setting, organisms also must
have hard body parts, such as bones, shell, or teeth, are preferentially fossilized, however,
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carbonization can also preserve and fossilize organic remains; otherwise, trace fossils, such as
footprints, are all that are left behind.
Due to the nature of their formation, sedimentary rocks are most suitable for the
preservation of fossil matter from ancient flora and fauna, considering that igneous and
metamorphic rocks form under intense pressure and heat, which could destroy the fossil matter.
For this reason, the Precambrian Core of the Black Hills is devoid of fossils. However, the
Limestone Plateau, the Red Valley, and the Cretaceous Hogback contain rich sedimentary
deposits that contain fossil remains of both aquatic and terrestrial organisms. Fossil-bearing units
in the Black Hills include the Minnelusa Formation, the Minnekahta Limestone, the Sundance
Formation, the Morrison Formation, the Fall River Formation, and the Whitewood Formation
(USGS, n.d.(a)). Considering this regions’ rich geologic history, fossil remains uncovered in the
Black Hills exhibit a diversity of fauna, such as fish, amphibians, and a variety of marine
invertebrates from the Western Interior Seaway, as well as a wealth of large mammals which
inhabited the area during times to marine regression (Falkingham et al., 2010).

Contribution of Geodiversity: Geodiversity contributes directly to the delivery of this service, as
biotic remains must be buried and preserved to be fossilized. Geodiversity is positively
correlated with the provisioning of fossils. As was mentioned, sedimentary units are preferred for
the preservation of ancient flora and fauna, whereas the heat and pressure needed to form
igneous and metamorphic rocks would likely destroy the biotic remains. Therefore, a variety of
specifically sedimentary lithologies could provide a greater variety of fossils.
Topographic variance has the potential to expose fossiliferous stratigraphic units that are
originally at depth, thus providing paleontologists with access to the otherwise inaccessible
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fossiliferous deposits. Topographic variance also facilitates geomorphic processes, which have
the potential to benefit, as well as threaten, the provisioning of fossils. While current surface
geomorphologic processes can lead to the exposure of new fossiliferous geologic units, these
same processes have the ability to expose and potentially destroy individual fossilized remains.
However, previous sedimentary processes are integral to the initial burial and preservation of the
organic remains that become fossils and are therefore an important component of the delivery of
this service.

Validation of Service: The Mammoth Site in Hot Springs, SD is a paleontological research site
that has been active for over three decades (Figure 18) (Falkingham et al., 2010; The Mammoth
Site, n.d.). The fossils from the Mammoth Site sinkhole include thousands of snail and clam
shells, as well as hundreds of bones belonging to rodents, fish, and several Columbian
Mammoths (Mammuthus columbi) (Figure 19) (The Mammoth Site, n.d.), and more recently, an
unstudied assemblage of didactyl and tridactyl avian tracks (Falkingham et al., 2010). Along
with the Mammoth Site, other locations within the Black Hills have yielded fossil findings, such
as Persistence Cave in Wind Cave National Park. Hundreds of thousands of bones and teeth,
along with some plants and snails have been recovered from this location (The Mammoth Site,
n.d.). Current work at the Persistence Cave site involves the dating of bison remains found within
the cave (The Mammoth Site, n.d.).
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Figure 18: On-going excavation at the Mammoth Site in Hot Springs, SD. Remains of large mammals are one
example of the variety of faunal remains that have been uncovered at this location.

Figure 19: Reassembled remains of a Columbian Mammoth (Mammuthus columbi) uncovered from the Mammoth
Site in Hot Spring, SD.
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Food (Provisioning)
Description of Service: Western South Dakota has a more rugged topography than does eastern
South Dakota, and that trend continues into the Black Hills region. This rugged topography
makes row-cropping difficult in the Black Hills, and for this reason, much of the food production
that takes place in the Black Hills region comes from livestock ranging. The ceding of Indian
lands by the Sioux Agreement in 1877 allowed for the expansion of cattle ranching and sheep
herding in the Black Hills region, and so since the early 1880s, this region has been well-stocked
cattle range (Witt et al., 2013). However, it wasn’t until 1905, when Congress authorized
regulated livestock grazing on National Forest System Lands, that cattle grazing was allowed in
the Black Hills proper (USDA, n.d.(b)).
Today the cattle industry is a significant export from the Black Hills region. The
undulating prairie that makes up the Limestone Plateau, the Red Valley, and the regions
surrounding the Black Hills are well suited for cattle and sheep ranching. Cattle are a more
preferred food-based industry in the Black Hills because they can graze on uneven ground and
can also coincide with the forestry industry.
The Black Hills is not particularly suited for large-scale agriculture for several reasons.
The establishment of agriculture within the region would necessitate the clearing of large plots of
forested land, thus detracting from the Black Hills’ naturally established timber industry.
Moreover, coniferous forest soils are not exceedingly fertile, due to their high acidity, meaning
that any agriculture that took place in this region would need to be heavily managed and would
require significant fertilization in order to be productive. However, in regions of the Black Hills
where forests are scarcer (i.e., the Red Valley), these soils are not agriculturally productive,
owing to their clay- and gypsum-rich composition (Redden and DeWitt, 2008).
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Contribution of Geodiversity: Geodiversity is indirectly related to the delivery of this service, as
soil nutrients are derived from geology, and are needed to grow food crops and the grasses that
feed cattle and livestock. Geodiversity is negatively correlated with the provisioning of food.
Igneous and metamorphic deposits are more resistant to weathering than are sedimentary
deposits, meaning that soils form more readily on these sedimentary units. Therefore, a lithologic
diversity may detract from this service, as soils will develop more slowly. Pedologic diversity is
not preferred either, due to the variety of soil conditions that exist. Whether a plot of land is used
for food crops or for grazing, specific soil qualities, as opposed to a diversity of qualities, can
increase the suitability of the plot to produce food.
Topographic diversity and a variety of geomorphologic processes also detract from the
delivery of this service, as topography makes a landscape more difficult to work with machinery,
and more treacherous for livestock. Furthermore, a variety of geomorphologic processes
contributes to a diversity of soil types, as water percolation causes soil development, and can
also erode and remove organic matter from a region.

Validation of Service: There are several cattle ranchers within the Black Hills National Forest, as
well as the surrounding regions. During the summer of 2017, the National Forest Service issued
144 grazing permits, allowing over 24,000 head of mature cattle, to graze within the national
forest (USDA, n.d.(b)). Custer State Park also hosts an annual festival during which members of
the Park’s bison herd are collected and auctioned off to buyers to be used as food (Figure 20).
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Figure 20: Members of the Custer State Park bison herd. This herd is allowed to grow throughout the year before
members of this herd are auctioned-off for sale at the annual Custer State Buffalo Roundup and Arts Festival.

Fiber (Provisioning)
Description of Service: Fibrous materials have many uses, depending on the plant that the fiber
originates from. Woody fibers from trees have a variety of uses in construction, such as
providing hardwood floors, siding for houses, roof tiles, and wood chips. Non-woody plant fibers
can be used in cordage, clothing, basketry, roofing, and food. In general, natural fibers have
many advantages over industrial, man-made products, considering that natural fibers are
renewable, have a low energy requirement, are CO2 neutral, are nonabrasive relative to non-
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natural reinforcements such as glass fiber, have excellent formability and high flexibility, and are
inexpensive and abundant (Crocker, 2008).
These natural fibers have been historically useful for Native Americans in the region and
remain useful to modern populations. Native Americans in the Black Hills region used nonwoody native plants for hairbrushes, knitting needles, matting, and drills used for fire-making
(Gilmore, 1977). Due to modern substitutes, much of the natural fiber found within the Black
Hills comes in the form of timber, and is used as saw logs, posts, and pulpwood (Walter et al.,
2013).

Contribution of Geodiversity: Geodiversity contributes indirectly to the delivery of this service,
by providing mineral nutrients through the soil. Geodiversity is positively correlated with the
provisioning of fibrous material. Pedologic diversity is derived from lithologic diversity (among
other factors), and different types of plant species require different nutrient bases which are
obtained from the soil. Therefore, pedologic diversity promotes biodiversity, and creates a larger
diversity of plant types that can be used as fibrous materials (Ibáñez and Feoli, 2013).
Topographic diversity can create microbiomes and refugia, which have the potential to
provide adequate growing conditions for plant species that might otherwise not be found in the
region. Many geomorphologic processes are underpinned by water, which is a vital resource for
the growth of plant material. Moreover, as sediment is transported and deposited, this newly
introduced sediment may present a source of nutrients to the area where it is deposited.

Validation of Service: The Black Hills is a crucial source of South Dakota’s timber, producing
80% of the state’s industrial roundwood (Figure 21) (Walters et al., 2013), and as such, intense
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management of this resource is necessary to ensure its sustainable use, as well as its protection
from invasive species such as the pine beetle. In the Black Hills, most of the woody fibrous
material comes from ponderosa pine, which comprises ~76% of the total forested land, and
accounts for 99% of the industrial roundwood (Walters et al., 2013). As was previously
mentioned, this roundwood can be used for a variety of purposes in construction.
In terms of non-woody fibrous material, plants such as porcupine grass (Stipa spartea),
bulrush (Scripus valida), red hay (Andropogon furcatus), and soapweed yucca (Yucca glauca)
have a variety of uses, such as hairbrushes, knitting needles, matting, and drills used for firemaking, respectively (Gilmore, 1977). However, a wide variety of other non-woody fibrous
materials are used for other purposes.

Figure 21: Timber Pile located along Rochford Road in the Limestone Plateau physiographic province of the Black
Hills.
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Genetic Resources (Provisioning)
Description of Service: Genetic diversity among flora and fauna are immensely important to the
overall biosphere within a region. Having genetic and phenotypic variance allows for harmful or
deleterious traits to be selected out of a population, as the mixing of genes creates new
combinations and new traits that may increase an organism’s fitness in a particular environment.
Without a large gene pool, adverse traits can become fixed within a population, and propagated
through sequential generations, thus decreasing an organism’s fitness, and potentially causing the
organism to go extinct in that region. It has also been acknowledged that genetic diversity is
important to short-term ecosystem resource dynamics and long-term ecosystem stability, as it
increases positive interactions or complementary functions (Hajjar et al., 2008).
Because the Black Hills is an isolated uplift that is topographically separate from any
similar bioregions, the potential for new gene pools to be introduced is small, thus threatening
the genetic diversity in the area. However, because the Black Hills is topographically diverse,
containing several similar but distinct ecosystem types (e.g., plains, caves, coniferous forest),
there is the potential for trans-ecosystem gene flow, as well as the potential for the Black Hills to
act as a refugia for floral and faunal species during times of environmental instability. The
management of the Black Hills by the National Forest Service also helps to mitigate the presence
of negative gene combinations by removing failing tree stands and invasive species, thus
preventing the fixation of deleterious traits.

Contribution of Geodiversity: Geodiversity contributes indirectly to the delivery of this service,
by providing mineral nutrients through the soil. Geodiversity is positively correlated with the
provisioning of genetic resources. Pedologic diversity is derived from lithologic diversity
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(among other factors), and different types of plant species require different nutrient bases which
are obtained from the soil. Therefore, pedologic diversity promotes biodiversity, thus creating a
habitat suitable for a diverse range of flora and fauna that have the potential to cross-pollinate
and reproduce, thus introducing greater genetic variance.
Topographic diversity can create microbiomes and refugia, which have the potential to
provide adequate growing conditions for plant species that might otherwise not be found in the
region. Conversely, these same microclimates and refugia may present physical barriers to
reproduction for certain plant and animal species. Geomorphologic processes are integral to the
creation of the Black Hills’ varied landscape, and it is this landscape variability that allows the
region to host a diverse range of flora and fauna.

Validation of Service: Due to the interrelated environmental components of topography,
geology, and climate, the Black Hills uplift is an important habitat for flora and fauna, which
may otherwise not be located in the midwestern United States. Owing to its geographic location,
the Black Hills contains elements from the Rocky Mountain Coniferous Forests, Boreal Forests,
Eastern Deciduous Forests, and Northern Great Plains (USDA, 2006). During times of past
climatic extremes, some faunal species have sought refuge in the Black Hills (e.g., the vole
species: Clethrionomys gapperi, Microtus longicaudus, and Zapus hudsonius) (Turner, 1974).
Moreover, the Black Hills Mountainsnail (Oreohelix cooperi) is endemic species to the Black
Hills, and was once widespread, but is now a critically imperiled species, with several of the
remaining colonies of this species currently located in the Black Hills National Forest (Xerces
Society, n.d.).
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Ecosystem disturbances, such as fire, insects, disease, and storm events, are important to
ecosystem succession, which allows for the introduction of new species and an increase in the
genetic variance (USDA, 2006). However, as management intensity in the Black Hills has
increased over the years, disturbance frequency has decreased dramatically, necessitating
management tactics such as timber harvesting, prescribed burning and other non-commercial
treatments to conserve genetic diversity while still meeting societal expectations (USDA, 2006).

Biochemicals, Pharmaceuticals, & Natural Medicines (Provisioning)
Description of Service: Particularly during the time before modern medicine, people relied on
medicine and remedies derived from plants and other natural sources to treat common ailments
and minor injuries. With the discovery of new and advanced medical treatments and
technologies, the use of medicinal herbs has greatly diminished, but has not disappeared
completely (Morgan and Weedon, 1990). The flora found in a region obviously varies from place
to place, so the diversity of flora found within the Black Hills region is unique and localized to
that region. Indeed, it can be difficult to generalize the use of medicinal herbs even within a
region, as much depends on the practice of the individual medicine man (Morgan and Weedon,
1990). There is a significant amount of mysticism associated with the use of these medicinal
herbs, as some members of the Oglala Lakota nation generally acknowledge that only the “right
man” can successfully use certain plants (Morgan and Weedon, 1990). However, many of the
plants used by Native peoples have been evaluated and verified by Morgan and Weedon (1990).

Contribution of Geodiversity: Geodiversity contributes indirectly to the delivery of this service,
by providing mineral nutrients through the soil. Geodiversity is positively correlated with the
provisioning of biochemicals, pharmaceuticals, and natural medicines. Lithologic diversity helps
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to promote pedologic diversity, and different types of plant species require different nutrient
bases which are obtained from the soil. Therefore, pedologic diversity promotes biodiversity, and
creates a larger diversity of plant materials that have the potential to be used as natural medicines
(Ibáñez and Feoli, 2013).
As has been discussed in previous sections (see “Fiber (Provisioning)” and “Genetic
Resources (Provisioning)”), topographic variability has the potential to produce microclimates
and refugia that may provide habitat for environmentally sensitive species. Moreover,
geomorphologic variance can further condition the environment by providing sources of water,
sediment, and nutrients.

Validation of Service: The uses of natural remedies and medicines by native groups and
populations ranged widely from common colds and stomach aches, to treating more serious
conditions such as tuberculosis and some kinds of cancers (Morgan and Weedon, 1990).
Examples of plants and their specific uses are the common puffball mushroom (Lycoperdon
gemmatum) which could be used as a styptic for any wounds, particularly the umbilicus of
newborn infants; or sweet flag (Acorus calamus), which could be smoked, drank, or chewed, and
would treat colic, fever, and toothache, respectively (Gilmore, 1977). While difficult to
generalize, it seems that the most frequently used medicinal herbs among the Oglala Lakota are
sage, cedar, sweet flag, sweet grass, and peyote (Morgan and Weedon, 1990).
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Soil Formation (Regulating)
Description of Service: As was discussed in the “Soil Formation (Provisioning)” section, soil
formation in the Black Hills region is regulated by several interrelated factors. The physiographic
regions of the Black Hills are distinguished from one another primarily based on differences in
lithology. However, the differences in lithology create other environmental differences which
regulate the rate of soil formation, as well as the diversity of soils. In this way, soil formation is
regulated by a number of environmental and physiographic conditions, and as can be seen in
Table 3, pedogenesis does not progress at an equivalent rate throughout the Black Hills region.
However, soil formation has the potential to regulate other ecosystem processes and services.
Soil is an incredibly important resources within ecosystems, as it provides not only the
nutrients necessary for plant growth, but also acts as rooting medium for plants. In ecological
succession, mycorrhizal fungi interact with bedrock and weathered regolith and can influence
successional patterns as new species begin to colonize a region (Chang and Turner, 2019). While
soil is not the only determinant in species establishment, it is a necessary ecological component
for colonization, as soil nutrients can influence species composition and produce dispersal
limitations (Chang and Turner, 2019). Moreover, along with regulating the establishment of
plant communities, soil formation can regulate other processes, both biotic and abiotic alike. For
instance, without adequate soil nutrients, plants are unable to perform functions such as the
phytoremediation of contaminated ground water, which is an ecosystem service in and of itself
(see “Water Quality (Regulating)” section). Furthermore, a thick soil matrix facilitates the
physical remediation of ground water, as this matrix as a filter that can removes contaminants
from groundwater (see “Water Quality (Regulating)” section).
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Contribution of Geodiversity: Geodiversity contributes directly to the delivery of this service.
Geodiversity is positively correlated with the regulation of soil formation. While many factors
regulate the formation of soil, elements of geodiversity, specifically lithology, geomorphologic
processes, and topography, exert strong controls on the delivery of this service. Lithologic
diversity determines the parent material that is altered to form soil profiles, and due to the wide
variety of lithologic materials and their associated qualities that are present in the Black Hills,
high lithologic diversity strongly regulates the rate at which soil forms.
Topography influences the rate at which geomorphologic processes take place, as well as
the degree of alteration that the processes cause. Water is a key agent in geomorphologic
processes, and the movement of water within an ecosystem is influenced by topography. These
two related ecosystem properties regulate the rate at which soils develop, as well as various soil
qualities such as the depth of horizon and organic matter.

Validation of Service: The physiographic regions within the Black Hills vary based on several
environmental qualities (e.g., lithology, climate, topography, and vegetation). These soil forming
factors interact in different ways and produce variable weathering rates throughout the region, as
well as a diversity of soil associations. The physiographic provinces differ in their lithology, with
the Precambrian Core consisting of more resistant, crystalline material, and the surrounding
regions consisting of sedimentary material, which is more easily weather (Ensz, 1990). These
differences in lithology, as well as other environmental factors, regulate the rate of soil formation
throughout the Black Hills region, as well as soil qualities (e.g., soil organic matter).

80

Table 3: Soil profile descriptions for representative soil associations within the Black Hills Region. Data collected
from NRCS Web Soil Survey (O’Geen, n.d.).

Physiographic Soil
Province
Association

Average Depth
to C Horizon

Parent Material

Precambrian
Core

Pactola-Virkula

102.5 cm

Limestone
Plateau

VanockerCitadel

177.5 cm

Red Valley

Nevee silt loam

20 cm

Cretaceous
Hogback

LakoaCrownest

88.5 cm

Igneous and
Metamorphic rocks
containing mica
Limestone or
Calcareous
Sandstone
Shale, Siltstone, or
Sandstone
Limestone, Shale,
or Sandstone

Average
Percent
Organic Matter
3.25

5.25

2
1.75

Water Quality (Regulating)
Description of Service: As water percolates through the subsurface, it interacts with biological
organisms and the soil matrix, undergoing physical and chemical changes. Furthermore, flow in
aquifers, below the soil level provide further filtering and adsorption capacity. These changes
represent an opportunity to improve the quality of degraded ground and surface waters, making
them safe for societal use, such as consumption, irrigation, and industrial uses. The Black Hills is
home to thousands of residents who rely on clean ground and surface waters; however, activities
such as mining, forestry, and construction can threaten water quality, by polluting water with
heavy metals and/or sediment.
The U.S. Geological Survey’s National Water-Quality Assessment has shown that
forested land produces some of the highest quality surface waters (Neary et al., 2009). This is
due to the relationship between the geosphere and biosphere within forested regions. Forest
vegetation helps to increase the infiltration of water by disrupting the erosive kinetic energy of
precipitation, as well as increases soil porosity by creating soil aggregates (Neary et al., 2009).
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Moreover, biota can remove potentially harmful chemicals (e.g., ammonia, nitrates, and
phosphates) from surface and groundwater via nutrient uptake.
As water moves through the subsurface, the soil matrix can act as a filter that removes
large particles as they infiltrate the subsurface and governs the movement of water to surficial
aquifers or stream channels (Neary et al., 2009). Parent material directly influences the type of
soil that forms, and the geochemical composition of the material can influence water quality
from a chemical perspective. Soils forming on the Limestone Plateau region of the Black Hills
are highly calcareous due to the presence of calcium carbonate.

Contribution of Geodiversity: Geodiversity is directly and indirectly related to the delivery of
this service, as the soil matrix can act as a physical filter that removes pollutants (direct), and
parent material can give rise to a variety of soil types, which geochemically alter water in several
ways (indirect). Geodiversity is negatively correlated with the delivery of this service. This
relationship exists because ridge and slope soils within the Precambrian Core of the Black Hills
are relatively shallow, coarse textured, and porous (Orr 1975). The coarseness and porosity of
these soils allows for the infiltration of precipitation; however, the shallow nature means that the
soil becomes saturated easily, and only transmits a small amount of water. On the other hand,
valley soils are generally finer textured, deeper, and more fertile, and in limestone areas, clay and
clay loams are not uncommon (Orr, 1975). These finer, deeper valley soils can hold more water,
meaning that it takes longer for the soil to become saturated and for runoff and erosion to take
place. Therefore, relatively flat areas, with minor topographic changes are more conducive to
infiltration, and therefore subsurface remediation.
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Because of their compact, crystalline nature, igneous and metamorphic rocks generally
produce shallow soil profiles, while sedimentary rocks weather more readily, and have deeper
profiles, allowing for greater filtration of infiltrating water. Sedimentary rocks are also more
permeable, which allows for greater percolation and transmission in the subsurface. For these
reasons, areas of lithologic simplicity, would remediate water quality better than the areas with
high lithologic diversity.

Validation of Service: Groundwater within the Black Hills and the surrounding areas was
classified as generally fresh, and hard to very hard (Williamson and Carter, 2001). While surface
water quality within the Black Hills and the surrounding areas was classified as generally very
good, but still hard to very hard (Williamson and Carter, 2001). The hardness of ground and
surface waters in the Black Hills is a function of the underlying geology, as much of the ground
and surface waters collect within the Limestone Plateau region. As water interacts with these
limestone units, dissolved calcium makes the water hard.

Climate (Regulating)
Description of Service: The influence of topography and elevation on climate is well understood.
As elevation on the earth’s surface increases, temperature decreases due to a decrease in
pressure. Because the Black Hills rises significantly higher than the surrounding Great Plains,
atmospheric pressure is lower in the Black Hills, and therefore, so is temperature, which aids in
the production of a pronounced orographic precipitation effect in the region (Orr, 1975).
However, topographic influence on climate is distinct from the regulation of climate, as it does
not adapt to changes in climate. Nevertheless, the topographic influence on vegetation produces
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plant communities that can sequester significant amounts of carbon and regulate climate on a
large scale.
The Black Hills is colder and wetter than much of the surrounding Great Plains, and
therefore, hosts a wide array of plant communities (Orr, 1975). The vegetation in grassland and
forest land ecosystems have the potential to sequester significant amounts of carbon dioxide
(CO2) through photosynthesis; however, soil organic matter represents the largest carbon stock in
the region (Walters et al., 2013). Much of the forested land in the Black Hills occurs at elevations
between 1219 and 2103 meters, which roughly corresponds to the Limestone Plateau and the
Precambrian Core (DeBlander, 2002). Considering that live trees and saplings represent 33% of
the total carbon stocks in the Black Hills region, this class of vegetation, which is a direct
function of topography, is a significant component of this regions ability to regulate global
climate via carbon sequestration (Figure 22) (Walters et al., 2013). CO2 in the atmosphere has the
potential to trap the sun’s heat within the Earth’s atmosphere, contributing to climate change.
Therefore, the ability of vegetation to sequester CO2 is a useful defense against climate change,
as this vegetation acts as a sink for the greenhouse gas, removing it from the atmosphere.

Contribution of Geodiversity: Geodiversity contributes both directly and indirectly to the
delivery of this service, through the influence of topography on elevation and climate (direct),
and through the influence of vegetation (indirectly). Geodiversity is positively correlated with
climate regulation. Considering that lithologic units vary in their susceptibility to weathering,
lithologic diversity increases the likelihood that more resistant rocks will be positioned along
with less resistant rocks, allowing for large-scale landforms to be created. Associated with
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lithologic diversity, pedologic diversity has the potential to contribute to the diversity of
vegetation, influencing the biodiversity found in the region (Ibáñez and Feoli, 2013).
Small-scale topographic diversity does not necessarily contribute to the orographic
precipitation effect that takes place in the Black Hills, but it can influence local climates, as it
can reduce solar heating. Geomorphologic variance has the potential to contribute to the
vegetation found in a region, and influence climate indirectly, as the transportation and
deposition of sediment may represent an influx of nutrients needed by plants in the area.

Validation of Service: The Black Hills receive more average precipitation, and average
temperatures are lower, than in the surrounding Great Plains (Orr, 1975). This relationship is
likely due to the orographic precipitation effect in this region, which produces colder climate as
air is forced aloft, and, therefore, wetter conditions. The difference in temperature is exhibited
when comparing the average annual air temperature of Hot Springs, SD and Spearfish, SD, the
latter being 2°C cooler than the prior, and 61 meters higher in elevation (Orr, 1975).
The Black Hills National Forest has the potential to hold 55 million tons of carbon, the
majority of which is in soil organic matter (Figure 22) (Walters et al., 2013). Substantial amounts
of carbon are capable of being stored within moderately aged, living tree stands, dominated by
coniferous species (Walters et al., 2013). Moreover, six of the seven forest-type groups have
between 40 and 60 tons of carbon per acre (Walters et al., 2013). Given the age class structures
and species composition of forests in the Black Hills, this region may have opportunities to
increase forest carbon stocks in the future (Walters et al., 2013).
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Figure 22: Forest carbon stocks within the Black Hills. Formatted after a figure in Walters et al. (2013).

Pollination (Regulating)
Description of Service: Pollinators are integral parts of an intricate web that supports the
biodiversity present in natural ecosystems that preserves a high quality of life for humans. It is
estimated that animal pollinators are responsible for the reproduction of 90% of flowering plants
and one third of human food crops (NAPPC, 2020). In agriculturally productive states, such as
South Dakota, animal pollinators are crucial to the success of both industrial and subsistence
farmers. Moreover, in natural reserves, such as National Forests, pollinators are responsible for
the diverse range of flora found within the region, thus contributing to its natural beauty and
attractiveness.
Animal pollinators have a variety of ecological niches that they fill, leading them to lead
a variety of lifestyles. Associated with these different niches and lifestyles, pollinators have
many places where they make their homes- some species live underneath the bark of trees, some
make nests in trees or on cliff faces, and some burrow into rock exposures or the soil (NAPPC,
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2020). Along with land use, topography and geology are important determining environmental
factors for the distribution of insect pollinators (Kuhn et al., 2006). Along with appropriate
ecological conditions, the presence of a suitable burrowing substrate can determine the presence
of a specific pollinator species within a region (Kuhn et al., 2006). Non-burrowing pollinators
depend on geologic structures and formations for their homes as well, as cliff faces and caves are
often used as homes by animals such as birds and bats, respectively.

Contribution of Geodiversity: Geodiversity contributes directly to the delivery of this service by
providing rock exposures, soil textures, geologic features and structures that are suitable habitats
for pollinators. Geodiversity has a complex relationship with the regulation of animal pollinators,
and therefore there is no perceived correlation. Considering that lithologic units vary in their
hardness, and some pollinators rely on cracks and openings in rock exposures to make their
homes, a greater number of softer sedimentary units would be suitable to promote pollinator
habitats; therefore, lithologic diversity is not preferred. Pedologic diversity is not preferred
either, considering that certain soil conditions are ideal for burrowing pollinators. From a
geologic perspective, clay-rich soils are best for burrowing animals, as clay particles have high
surface area to volume ratios, a quality which promotes soil structure.
Topographic diversity promotes geomorphologic processes, which can positively
influence the formation of pollinator habitats in several ways. A diversity of geomorphologic
processes weathers rock faces and produces cracks and caves, which may be suitable for hosting
certain pollinator species (e.g., birds and bats), but the weathering of rock faces also helps to
produce soils, thus benefiting burrowing pollinators. Furthermore, the weathering of soils breaks
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down larger soil particles, and makes a soil more clay-rich, which, as discussed, improves soil
structure, and makes a soil more suitable for burrowing pollinators.

Validation of Service: The Black Hills region supports an evergreen forest that consists of
western, eastern, and northern forest species (NAPPC, 2020). Considering the uniqueness of this
region, many faunal types that are found within the Black Hills are not found in the surrounding
Great Plains. Key animal pollinators in the Black Hills region are bees, butterflies, moths,
beetles, flies, birds, and bats (NAPPC, 2020). Each of these species is drawn to specific plant
traits, and thus occupies different ecological niches, allowing for these species to
coexist. Existence of some of these species within the Black Hills has been documented by
Drones (2012) and Cryan et al. (2001).

Natural Hazard Regulation (Regulating)
Description of Service: Landforms and other physical structures are effective at mitigating the
damages caused by natural hazards and disasters. The types of natural hazards that Black Hills
communities are most at risk of include mass movements, sinkholes, wildfires, and flooding
(Theilen-Willige, 2016). The regions of the Black Hills that are most at risk of mass movements
are those with significant topographic variance, especially considering the fact that these
topographically varied regions are associated with the regions of the Black Hills that receive the
most rainfall (i.e., Precambrian Core and Limestone Plateau) (Orr, 1975). Fortunately, these
regions in the Black Hills have the deepest soil profiles (Table 3), and so infiltration into these
deep soil profiles helps to minimize the risk of flash floods. Moreover, the regions of the Black
Hills that could be susceptible to mass movements have dense vegetative cover, which has been
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shown to improve slope stability (Osman and Barakbah, 2006). If a flash flood were to occur in
the Black Hills, such as the 1972 Rapid Creek flood (Carter et al., 2002), streams systems
contain flood defense structures (e.g., floodplains, natural levees), which create storage and
space for natural variability, and can serve as indicators as to which areas on the landscape
should be avoided in terms of development (Gordon and Barron, 2013). Although these natural
structures and systems can easily be disrupted by human activities, thus reducing the ability of
these stream systems to self-regulate, as was the case with the 1972 Rapid Creek Flood (Carter et
al., 2002).

Contribution of Geodiversity: Geodiversity contributes directly to natural hazard regulation,
through the influence of geology, pedology, and topography. Geodiversity has a complex
relationship with natural hazard regulation, due to the importance of precipitation and moisture
in the hazards themselves, and therefore there is no perceived correlation. Because lithologic
units vary in their susceptibility to weathering and erosion, it is preferred to have stable and
resistant igneous or metamorphic rocks to prevent mass movements, as these materials resist
saturation. However, because these materials are impermeable, they do have the potential to
promote soil-laden earthflows.
Pedologic diversity is not necessarily preferred, as soil profiles can have a variety of
characteristics that could either promote or prevent natural hazards. For instance, porous soil
matrices provide storage capacity for streams and surface waters, thus aiding in the prevention of
flood events. However, once field capacity is reached in a soil column, the soil is then at risk for
a mass movement, such as a flow, creep, slump, or slide.
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It is difficult to discern the role that topographic variance plays in natural hazard
regulation, as it can both promote and prevent natural hazards. Valley bottoms and lowland areas
are suitable floodplains, as that is where water naturally collects, therefore these areas are suited
to collect and store flood waters. However, hillslopes and ridges promote a variety of mass
movement types and pose a threat to communities located on or at the bottom of the hillslopes.

Validation of Service: Natural disasters have occurred in the Black Hills and unfortunately have
caused significant losses to life and to property (NOAA, n.d.). The 1972 Rapid Creek flood in
particular resulted in the death of 238 individuals, with another 3000 that were injured, and over
$1 billion in damages (NOAA, n.d.). While a variety of measures can be taken to engineer an
environment to make it suitable for human habitation, ultimately, some dangers will persist.
However, natural structures and processes do help to mitigate the damage caused by these
natural hazards. For instance, while there is a history of mass movements in the Black Hills,
particularly on the steeper, inner slope of the Cretaceous Hogback, the Precambrian Core and
Limestone Plateau have experienced comparatively fewer mass movements, mainly rock falls
that are associated with cliff faces (Redden and DeWitt, 2008).
In addition to the pore space available within the soil profiles in the Black Hills,
secondary porosity is created within lithologic units that allow for increased water storage
(Carter et al., 2003). However, while this increased water-storage capacity may reduce the
likelihood of floods and mass movements, it has the potential to cause land subsidence or
collapse breccias in the Red Valley, due to the dissolution of anhydrite and gypsum in the
Spearfish Formation (Carter et al., 2003).
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Figure 23: "Disappearing" Box Elder Creek. This phenomenon occurs due to infiltration of stream flow into the
subsurface cavities and pore space. Subsurface storage has the ability to reduce peak river flow, and mitigate the
damage caused by flooding.

Soil Formation (Supporting)
Description of Service: The formation of soil is a critical service that underpins the delivery of
numerous other ecosystem services, both biotic and geologic alike. Soil is a medium that
supports plant growth, supplying water as well as nutrients that are released by the breakdown of
mineral matter and the decay of organic matter. The establishment of flora within a region is
dependent on the presence of soil, and, as primary producers, the presence of flora within a
region helps to determine faunal types found within an ecosystem. In this way, soil formation
directly influences the biologic composition of an ecosystem, and thus the ability of an
ecosystem to deliver provisioning services such as food, fuel, and fiber.
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Soil formation supports several other services that are abiotic, in character. As the porous
matrix that covers much of the earth’s surface, soil formation allows for the storage and
treatment of groundwater (see “Water (Provisioning)” and “Water Quality (Regulating)”
sections), both of which have been previously discussed. As soils form and soil profiles develop,
soils also have the ability to serve as environmental archives, documenting environmental
processes and changes (see “Knowledge Systems/Capital (Cultural)” section). These archival
records can be used to inform decisions pertaining to environmental management.

Contribution of Geodiversity: Geodiversity contributes directly to the delivery of this service, as
soil formation is dependent on geologic materials and geomorphologic processes. Geodiversity is
negatively correlated with soil formation as a supporting service. Due to the higher amounts of
internal surface area, sedimentary units weather preferentially when compared with igneous and
metamorphic rocks and have the potential to produce a higher volume of soil (Hudec, 1989).
Therefore, lithologic diversity does not promote the formation of soil. Topographic diversity has
the potential to benefit soil formation in some areas, while inhibiting this process in other
locations. The movement of water in an environment promotes the weathering of earth materials,
and the collection of water in low-lying areas further promotes weathering and soil development.
However, areas with high-angle slopes are not conducive to soil formation, as water and
weathered earth material are quickly removed from these locations.
A diversity of geomorphologic processes would seem to promote pedogenesis, as these
processes would weather parent material and produce regolith, thus providing the foundation for
soil formation. However, along with regolith production, geomorphologic processes also impede
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pedogenesis, as erosion has the potential to destroy soil profiles and transport material out of a
location.

Validation of Service: As has been stated, soil formation in the Black Hills underpins the
production of many of the region's marketable products (e.g., timber and livestock) (Ensz, 1990).
Therefore, the presence of these marketable products and the production of these goods, reflects
the presence of soil formation within the Black Hills. However, due to differences in soil organic
matter (Table 3), the different physiographic provinces of the Black Hills vary in their suitability
for a desired purpose. For example, the Limestone Plateau, which has a representative soil series
of significant organic matter composition (5.25, Table 3), is most suitable for timber production,
whereas the Red Valley, which has a representative soil series of modest organic matter
composition (2, Table 3), is most suitable for livestock ranging. In this way, the pedologic
diversity throughout the Black Hills region supports a variety of services.

Platforms (Supporting)
Description of Service: Platforms are level surfaces which provide the foundations for biological
habitats, human development and infrastructure, and other activities (Gray, 2004; Gordon and
Barron, 2013). Certain activities require certain types of platforms and structures to aid in the
activity. For instance, farming can take place on different types of surfaces, some surfaces
requiring more manipulation to be made suitable, but, in general, is best performed on flat
surfaces, with simple structure. Whereas activities such as skiing or mountain biking require
slopes of varying steepness, depending on the skill level of the individual; therefore, structures
and landforms such as mountains or valleys are needed for these types of activities. The
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suitability of a given platform for a desired purpose, be it recreational or municipal, gives land a
functional, utilitarian, and economic value (Gray, 2004; Gordon and Barron, 2013).
Humans have the ability to manipulate and engineer the physical environment in order to
make it suitable for a desired purpose. However, such altering of the environment is energetically
and monetarily consumptive, so often development and activities take place where the physical
environment allows for naturally.

Contribution of Geodiversity: Geodiversity contributes directly to this service through the
influence of geology and topography. Geodiversity is positively correlated with the delivery of
this service. Because lithologic units vary in their susceptibility to weathering, having lithologic
diversity within an area increases the probability that certain landforms will be created (based on
the dominant geomorphologic processes active in the area). These landforms will strongly
influence what activities an area can be used for.
Topographic variance is often a function of geologic structure, especially in the Black
Hills, where many topographic eminences are associated with domes and laccoliths. These
geologic structures may be the basis for certain activities that may utilize the platform created by
the structure. Geomorphologic processes operating at the surface will significantly determine the
types of landforms found in an area, and the suitability of an area for a desired activity.

Validation of Service: The variety of activities and usages of the Black Hills region attests to its
variety of platforms and landforms. In terms of recreation, the Black Hills hosts climbers,
bicyclers, hikers, and skiers, activities all of which require different types of platforms and
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landforms (USDA, n.d.(c)). The Black Hills region also contains thousands of acres of
rangeland, and several cities which require relatively flat topographies and broad platforms.

Habitat (Supporting)
Description of Service: The physical environment plays an integral role in providing habitat for
the flora and fauna found within a region. Among the many factors that the physical environment
controls, altitude and aspect are likely two of the most important (Gray, 2012). Many mountains
exhibit altitudinal zonation, effectively bracketing flora and fauna into distinct altitudinal
districts, determining the distribution of biota. Slope aspect can influence a variety of
environmental conditions, such as insolation, temperature, evapotranspiration, or soil moisture,
each of which may influence the suitability of an environment for a given species (Gray, 2012).
For example, it was found by Jellinek et al. (2004) that geology and aspect, as well as vegetation
type and structure, has the potential to influence the structure of reptile communities. Moreover,
in stream ecosystems, surficial geology accounts for a large portion of the diversity of fish and
macroinvertebrate distribution patterns (Richards et al., 1997). The physical environment’s
influence on the distribution of flora and fauna determines the presence and integrity of many
other ecosystem services.

Contribution of Geodiversity: Geodiversity contributes directly to the delivery of this service
through the influence of the physical environment of a variety of environmental conditions.
Geodiversity is positively correlated with the delivery of this service. Lithologic diversity gives
rise to a variety of soil types and landforms, due to the variety of geologic compositions and
susceptibility to weathering. Because of the diversity of soil conditions, as well as the unique and
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respective needs of flora and fauna, a pedologic diversity is associated with biodiversity (Ibáñez
and Feoli, 2013).
Geomorphologic diversity is important to the maintenance of this service, as it produces
dynamic landscapes and environments, which may host many different floral and faunal species
throughout time. Topographic diversity facilitates these geomorphologic processes by providing
the potential and kinetic energy needed for these processes. Furthermore, topographic diversity
helps to create microclimates, creating habitats that may serve as refugia for flora and fauna.

Validation of Service: The Black Hills is home to a variety of plant and animal species, many of
which would not be found within the region without the environmental conditions created by the
Black Hills uplift. Animals such as mule deer, whitetail deer, elk, bison, pronghorn, prairie dogs,
marmots, foxes, mountain goats, mountain lions, bighorn sheep, and wild turkeys are regularly
observed roaming the rugged landscape (USDA, n.d.(d)). Moreover, while the landscape is
dominated by ponderosa pine trees, populations of quaking aspen, bur oak, white spruce, and
paper birch are also present in the region (Walters et al., 2013).

Burial & Storage (Supporting)
Description of Service: The suitability of the physical environment to collect and store material
is of tremendous value to society, as society often needs places to store resources or bury waste
(Gordon and Barron, 2013). Geology is a fundamental component and aspect of an areas’
suitability for burial and storage, as is topography and geomorphology, considering that these
ecosystem components determine the storage capability and stability of the region.
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Humans generate massive amounts of waste, which must be disposed of in a particular
manner to minimize harm to the environment or to surrounding communities. Determining
where to site a landfill is a rigorous process, and requires consideration of environmental factors
such as climate, geology, hydrogeology, and surface hydrology, as well as other anthropocentric
factors, such as demographics and land use (Daniel, 1993). Meeting these requirements means
that waste can only be disposed of in designated locations that are stable enough to store and
bury the waste, without harm to society or the environment.
The storage of beneficial resources is another aspect of this service that is dependent on a
suitable physical environment. Water, for instance, can be stored in reservoirs at the surface
(Figures 23 and 24), or in aquifers underground. Each of these storage structures require geologic
units which are permeable to allow for the collection and storage of water, and impermeable
units to prevent the movement of water out of and away from the storage structure (Carter et al.,
2003). Aside from water, fossil fuels, such as oil and natural gas, require both impermeable and
permeable geologic units, as well as large scale features (known as traps) that collect and store
the resources.

Contribution of Geodiversity: Geodiversity is directly related to the delivery of this service
through its influence of topography and geology. Geodiversity has a complex relationship with
burial and storage, and therefore there is no perceived correlation. Lithologic diversity may be
preferred to meet some storage needs, specifically those related to underground water and fossil
fuels. As was previously mentioned, the collection and storage of these resources is dependent on
the presence of both permeable and impermeable geologic units, which allow the transmission
and collection of the fluid resources. However, when meeting the needs of surface storage (i.e.,
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reservoirs and landfills), lithologic diversity may not be preferred, as these surface storage
structures depend on simple, impermeable geology to prevent underground seepage of water or
contaminants.
Geomorphologic diversity is not ideal when meeting burial and storage needs, as these
processes contribute to the dynamism of a region and the landscape, and locations that are
presently suitable for burial and storage are dependent on stability to maintain the delivery of the
service. Topographic diversity is generally favored in the delivery of burial and storage services,
as topographic lows and their associated highs allow for increased storage capacity. Furthermore,
in the case of fossil fuel resources, some topographic eminences are the product of geologic
structures which may act as traps and reservoirs for oil and natural gas (e.g., anticlines and
domes).

Validation of Service: The Limestone Plateau is an important recharge zone for five bedrock
aquifers that outcrop in the Black Hills: Deadwood, Madison, Minnelusa, Minnekahta, and the
Inyan Kara (Carter et al., 2003; McKaskey, 2013). The presence of these aquifers indicates
favorable geology for underground water storage. Moreover, there are five significant reservoirs
in the Black Hills region (e.g., Angostura, Deerfield, Pactola, Keyhole, and Belle Fourche), as
well as many small-scale water bodies and lakes, indicating favorable geology for the storage of
surface waters (Miller and Driscoll, 1998).
The Belle Fourche, Rapid City, and Custer-Fall River landfills can all be found near the
Black Hills in the state of South Dakota (SDDANR, n.d.). These landfills appear to be sited in
the Belle Fourche Shale, the Carlile Shale, and the Greenhorn Formation, which are fine-grained,
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shaly units, and generally impermeable; moreover, these same units underlie the Angostura and
Belle Fourche reservoirs (Martin et al., 2004).

Figure 24: Deerfield Lake, northeast of Hill City, SD.

Figure 25: Pactola Lake, north of Hill City, SD.
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Conclusion
Geologic ecosystem services represent an important component of the ecosystem services
framework and have received comparatively little attention within the ecosystem services
literature. By disregarding the contribution of geology to the benefits that society derives from
ecosystems, this ultimately leaves ecosystems undervalued and underappreciated, considering
that ecosystems consist of biotic and abiotic components, which are functionally interdependent
on one another (UK National Ecosystem Assessment, 2011). Considering the interdependency
that exists within ecosystems, it is very likely that many geologic processes underpin and directly
contribute to biotic ecosystem services (Alahuhta et al., 2018), thus emphasizing the importance
of geologic ecosystem services within the ecosystem services framework.
In total 25 geologic ecosystem services were identified in the Black Hills region,
spanning each of the four ecosystem service categories (Reid et al., 2005), and benefitting
society in variety of manners (e.g., direct, indirect, and non-use benefits). The geologic
ecosystem services described in Table 1 were catalogued according to the framework established
by Gordon and Barron (2013), but there are other frameworks that could be explored in
subsequent studies (e.g., CICES). The most recent version of the CICES made a deliberate effort
to include abiotic ecosystem services within their classification framework (Haines-Young and
Potschin, 2018), and represents growing recognition and support of geologic ecosystem services.
As was previously mentioned, one of the assumptions made in this study was that the lists
of geologic ecosystem services made by Gordon and Barron (2013) and Gray et al. (2013) were
taken to be exhaustive. However, upon consideration of some of the services (e.g., soil
formation) it was evident that some services could be classified into multiple categories and
would be an entirely separate service (e.g., provisioning, regulating, and supporting). Therefore,
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more research is needed to ensure that all the geologic ecosystem services are accounted for and
considered in future studies.
It was determined that, of the 25 geologic ecosystem services identified in this study,
fourteen services had a positive relationship with geodiversity, four services had a negative
relationship with geodiversity, and seven services had no relationship with geodiversity. The
establishment of these relationships between geologic ecosystem services and geodiversity was
based on consideration of how the broad geodiversity components of lithology, pedology,
topography, and geomorphology would contribute to the delivery of the services. Further studies
could work to elucidate the relationship between geologic ecosystem services and geodiversity
by exploring the spatial relationship between these variables and providing statistical data that
supports the relationships (Alahuhta et al., 2018). While fine scale relationships between
individual geologic ecosystem services and geodiversity may vary considerably, regional scale
studies of this relationship confirms that greater geodiversity produces a wider variety of
geologic ecosystem services.
The inclusion of geologic ecosystem services is a necessary component to ensuring that
ecosystem assessment, valuation, and management are holistic, and protect both the biotic and
abiotic world. The importance of geologic ecosystem services cannot be understated or ignored,
as geology contributes to many life-sustaining ecosystem services (e.g., provisioning of food and
water). While the recognition and exploration of geologic ecosystem services is growing
(Gordon and Barron, 2013; Gray et al., 2013; Alahuhta et al., 2018; van Ree and van Beukering,
2016; van Ree and van Beukering, 2017), there is still much work that is needed to understand
not just the variety of these services, but the biophysical parameters and stocks of these services
as well, in order to ensure sustainable management and use of these important natural resources.

101

Chapter Three – Geodiversity of the Black Hills
Introduction
Just as biodiversity seeks to recognize the diversity of flora and fauna within a region,
geodiversity has arisen as its abiotic counterpart and seeks to recognize the diversity of geologic
materials and processes within a region. The definition of geodiversity used in this thesis is from
Gray (2004), which defines geodiversity as “the natural range (diversity) of geological (rocks,
minerals, fossils), geomorphological (landform, processes) and soil features. It includes their
assemblages, relationships, properties, interpretations, and systems.” The recognition of
geodiversity has several important implications. First, geodiversity has been shown to be
positively correlated with ecosystem services (Alahuhta et al., 2018). As was discussed in the
previous chapter, on a fine scale, components of geodiversity can either enhance or diminish the
delivery of geologic ecosystem services and depends greatly on the service in question.
However, Alahuhta et al.’s (2018) findings provide support for the supposition that greater
geodiversity can produce a wider array of ecosystem services, both biotic and geologic, alike.
Additionally, as landscapes and geologic materials form on a geologic time scale, geodiversity is
a metric that can take centuries to millions of years to develop, and any destruction or
disturbance may be irrevocable on a human-relevant timescale. Humans can threaten the
geodiversity of an area through numerous activities, including mineral extraction, urban
expansion/land development, coastal and river engineering/management, forestry
activities/vegetation growth, agriculture, recreation/tourist pressures, geological collecting, or
military activity (Gray, 2004). Due to the wide variety of anthropogenic threats to geodiversity,
understanding and incorporating geodiversity into management decisions can ensure its
protection and integrity.
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There is no standard practice for the systematic assessment of geodiversity. A variety of
methods for the quantitative assessment of geodiversity have been developed (e.g., Serrano and
Ruiz-Flaño, 2007; Benito-Calvo et al., 2009; Hjort and Luoto, 2010; Pellitero et al., 2011; Hjort
and Luoto, 2012; Pereira et al., 2013; Najwer et al., 2016; Araujo and Pereira, 2018; Forte et al.,
2018; Betard and Peulvast, 2019; Goncalves et al., 2020). From this variety of methodologies, a
subset was chosen that could be tested using the Black Hills region as a study area. The
methodologies used in this assessment were chosen based on the ability of the method to be
replicated, as well as how similar the size of the area of interest in the original study is to the
Black Hills region. Moreover, novel techniques were preferred over those that simply replicated
previous studies and made minor revisions, so as to capture the variety of methods utilized in the
field. Based on these criteria, the methodologies chosen for this assessment are the following:
Goncalves et al. (2020), Araujo and Pereira (2018), Forte et al. (2018), and Pellitero et al. (2011).
Each of the methods employed in this study require a geomorphology map, or one
depicting geomorphologic units. A geomorphic map does not been previously generated for the
Black Hills, and the production of a geomorphologic map is beyond the scope of this study.
However, a landform map is a suitable proxy for geomorphology, because similar landforms and
geomorphic positions will experience similar geomorphologic processes. The primary difference
between the landform map used in this study and a designated geomorphologic map is that
designated geomorphologic maps take into consideration the morphography and morphometry of
the landscape as well as its origin and age, whereas a landform map is simply an inventory and
classification of the landscape. Nevertheless, a landform map does work to classify the landscape
according to its morphography and morphometry. For this reason, a digital elevation model
(Figure 26) has been classified into a landform map depicting eight different landforms. The
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landform map created for this study was based on the Topographic Position Index method
presented by Weiss (2001), and then classified using the class breaks presented by Tagil and
Jenness (2008). The resulting landform map can be seen in Figure 27.
The geodiversity assessments replicated in this study were executed using the software
within the ESRI ArcGIS 10.8.1 package, as well as the Spatial Analyst extension. Many of the
functions included in these assessments utilized basic tools such as Clip, Union, and Dissolve, as
well as more advanced raster functions such as Zonal Statistics, Reclassify, and Raster
Calculator. The maps presented in this study have been projected using UTM State Plane Zone
13N. A digital elevation model of the study area can be seen in Figure 26.
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Figure 26: Digital elevation model for the Black Hills, depicted with a hillshade effect.
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Figure 27: Landform map of the Black Hills region. Created using the Topographic Position Index created by Weiss (2001) and
classified according to Tagil and Jenness (2008).
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Data Acquisition
The digital elevation model seen in Figure 26 was created using four SRTM 30-meter
raster files that were obtained from the USGS’s EarthExplorer data catalog (USGS, n.d.(b)).
Using the Mosaic to New Raster tool, the four SRTM files were merged to produce one large
digital elevation model that encompassed the Black Hills region. This larger digital elevation
model was then clipped using a predefined polygon file that captured the study area (referred to
as the Black Hills region polygon). The final digital elevation model was then projected using the
UTM State Plane Zone 13N projection system. Using this digital elevation model, and the
methodology presented in Weiss (2001), a landform map was created and served as the
geomorphology map in the geodiversity assessments. This landform map is a suitable proxy for
geomorphologic processes because landforms ultimately reflect localized topography, which is
shaped by geomorphologic processes. Furthermore, it is reasonable to assume that similar
topographic positions and landforms experience similar geomorphologic processes.
Information on the lithology (1:500,000 scale) and pedology (1:24,000 scale) of the study
area was obtained from the USDA’s Geospatial Data Gateway and was gathered for both the
state of Wyoming and South Dakota (USDA, n.d.(g)). When each pair was displayed in ArcMap,
there was a gap of approximately 0.02 meters between the polygon layer for each state, and so
the Integrate tool was used on each polygon pair, setting the XY tolerance at 0.02 meters, in
order to close the gap between the two polygon layers, and ensure that there were no areas of the
data that we undefined. When the gap between the two polygon layers had been closed, the
Union tool was used to create two polygon layers that depicted lithology and pedology,
respectively, for both Wyoming and South Dakota. Following the Union, the state boundary
between Wyoming and South Dakota presented a problem, as it created two adjacent polygons
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out of the same geologic unit, and therefore, a Dissolve based on the “Unit Name” field was
necessary to remove the state boundary. Both the lithology polygon layer and the pedology
polygon layer were clipped using the Black Hills region polygon, and the resulting polygon
layers were projected using the UTM State Plane Zone 13N projection system. After cleaning the
attribute table for the pedology polygon layer, the lithology and pedology layers were converted
to raster files to allow for Zonal Statistics to be calculated.
Substantial data cleaning was necessary for the pedology polygon layer in order to
synonymize soil series, as there were numerous descriptors within the “Series Name” field that
served to create perceived pedologic diversity within the same soil series (e.g., the “WasaSlickspots complex, 0 to 6 percent slopes” and the “Wasa-Slickspots complex, 6 to 20 percent
slopes” were synonymized under the title “Wasa-Slickspots complex”). Once similar soil series
had been synonymized, additional information was obtained from the NRCS’s Official Soil
Series Descriptions that allowed for the pedology layer to be displayed based on characteristics
such as Order or Great Group, which was necessary for the methodologies selected in this study
(USDA, n.d.(h)).
Hydrologic data (1:24,000 scale) for Wyoming and South Dakota was also obtained from
the USDA’s Geospatial Data Gateway (USDA, n.d.(g)). The dataset obtained from the
Geospatial Data Gateway consisted of streams, lakes, and precipitation data for both Wyoming
and South Dakota. The Union tool was used on the streams polyline layer for both Wyoming and
South Dakota, in order to make one shapefile that contained information on streams for both
states. This shapefile was then clipped using the Black Hills region polygon, and then projected
using the UTM State Plane Zone 13N projection system. This process was repeated for the lake
polygon layer, as well as the precipitation polygon layer. However, a Dissolve was necessary for
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the precipitation data based on the “Inches” field, in order to remove the state boundary from the
precipitation polygon layer. The “Inches” field was then converted into centimeters using the
field calculator function: “Inches x 2.54.” Each of these three datasets was converted into a raster
file so that Zonal Statistics could be calculated based on the data.
Data pertaining to the structural features (1:500,000 scale) within the Black Hills region
was obtained from the USGS’s (n.d.(c)) Preliminary integrated geologic map databases for the
United States: Central States. The Union tool was used on the shapefiles depicting faults for both
Wyoming and South Dakota, and the resulting shapefile was clipped using the Black Hills region
polygon layer, and then projected using the UTM State Plane Zone 13N projection system. The
faults shapefile was then converted into a raster file so that Zonal Statistics could be calculated
based on the data.
In order to depict information concerning groundwater specific flow status, both of which
were needed for the Araujo and Pereira (2018) method, a field added to the attribute table for the
lithology shapefile that allowed for this data to be recorded. Data for groundwater specific flow
was recorded in a binary format, that referred to the geologic unit’s ability to store or transmit
water. Information on a geologic unit’s water-bearing status was obtained from USGS and
Strobel (1999) and Carter et al. (2003).

Goncalves et al. (2020)
Goncalves et al. (2020) evaluated the geodiversity of the municipality of Miguel Pereira,
Rio de Janeiro, Brazil (287 km2). They assessed geodiversity using four different GIS
techniques, but ultimately conclude that the best method to determine the geodiversity of a
region is with a combination of grid overlay, multipart-feature counting, and the maximum
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obtained value for each sub-index within each grid cell (Goncalves et al., 2020). The sub-indices
utilized in this study are layers concerning the geology (lithology and structural features),
pedology (soil Group), geomorphology, and hydrography (drainage density) of the region
(Goncalves et al., 2020). For each polygon within a 1 x 1 km grid cell, a centroid was created for
each unique value, and ultimately summed together with the other sub-indices to produce an
overall geodiversity index map (Goncalves et al., 2020). For more information concerning this
specific methodology, please refer to Goncalves et al. (2020). This methodology was followed as
closely as possible; however, some alterations were made to the method concerning the type of
data used, one example being that the original study was based on the analysis of vector
polygons, whereas the replication of this study was based on the analysis of raster data.
The method employed in the replication of Goncalves et al.’s (2020) work included
layers concerning the geology (lithology and structural features), pedology (soil Great Group),
geomorphology, and hydrography (drainage density). While the original methodology
considered soil Group, of which there are 32, this information could not be obtained for the soil
series identified in the Black Hills regions. However, there were approximately 40 different soil
Great Groups identified in the Black Hills region, and it was determined that, while this is
ultimately a different taxonomic level than what was originally used, it captures a similar level of
diversity and is an appropriate substitute.
Each of these data sets was converted into a raster file, which was then overlayed with a 3
x 3 km grid. Using the grid to designate zones, the Zonal Statistics tool was used on each of the
sub-indices, calculating the “variety” for each cell. The “variety” statistic was chosen as the
statistic of interest because it excludes repeating values within each cell, and only records unique
values, thus treating each unique feature within the dataset as a multipart feature, as opposed to a
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singlepart feature. In the final Raster Calculation, all grid cells were included in the function,
even if the cell did not obtain the maximum possible value for each sub-index. Using the
addition function within Raster Calculator tool, the overall geodiversity value for each cell was
calculated. For display purposes, the Extract Values to Points tool was used to assign the unique
cell values to a point feature layer. Using this point feature layer as the input layer, the Inverse
Distance Weighted Interpolation method was used to create a map showing continuous
geodiversity values over the entire Black Hills Region. The results of applying this methodology
are presented in Figure 28.
According to this methodology areas of higher geodiversity generally correspond to the
region between Spearfish, Deadwood, and Sturgis, SD and a stretch of the Cretaceous Hogback
that lies to the east of Newcastle, WY. Areas of lower geodiversity generally correspond to the
Limestone Plateau and the surrounding Great Plains region.
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Figure 28: Geodiversity of the Black Hills as determined by the method of Goncalves et al. (2020), modified as
described in text. Data included in the assessment: geology (lithology and structural features), pedology (soil Great
Group), geomorphology (landforms), and hydrography (drainage density). Dark green indicates low levels of
geodiversity, whereas red indicates high levels of geodiversity.
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Araujo and Pereira (2018)
Araujo and Pereira (2018) expand upon the geodiversity assessment framework
established by Pereira et al. (2013) and use this new framework to evaluate the geodiversity of
the State of Ceará (Brazil) (148,886 km2). This methodology is based on a 12 x 12 km grid
overlay system and includes 6 sub-indices: lithology, geomorphology, pedology (soil Group),
paleontology, mineral and energy resources, and water resources (Araujo and Pereira, 2018). The
water resources sub-index was created from the consideration of various hydrologic features and
processes, including annual average precipitation, groundwater specific flow, stream order based
on the Strahler classification method (1957), and reservoirs (Araujo and Pereira, 2018). For more
information concerning this specific methodology, please refer to Araujo and Pereira (2018).
This methodology was followed as closely as possible, however, some alterations were made
based on the belief that some of the included sub-indices were inappropriate, as they introduced
bias to the assessment (discussed below).
The method employed in the replication of Araujo and Pereira’s (2018) work included
layers concerning lithology, pedology (soil Great Group), geomorphology (landforms), and
water resources. While the original methodology considered soil Group, of which there are 32,
this information could not be obtained for the soil series identified in the Black Hills regions.
However, there were approximately 40 different soil Great Groups identified in the Black Hills
region, and it was determined that, while this is ultimately a different taxonomic level than what
was originally used, it captures a similar level of diversity and is an appropriate substitute.
A 3 x 3 km grid overlay was used for the Black Hills region, and the Zonal Statistic
“variety” was calculated for each of the sub-indices, so as to avoid double-counting one unit
within the same grid cell. Using the addition function within Raster Calculator tool, the overall
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geodiversity value for each cell was calculated. For display purposes, the Extract Values to
Points tool was used to assign the unique cell values to a point feature layer. Using this point
feature layer as the input layer, the Gaussian Kriging Interpolation method was used to create a
map showing continuous geodiversity values over the entire Black Hills Region. The results of
this methodology can be seen in Figure 29.
It was decided that the sub-index “mineral and energy resources” was inappropriate for
an assessment of a region’s geodiversity, as this index could introduce an anthropocentric bias. It
appears that Araujo and Pereira (2018) seem to be considering exclusively economic mineral
resources in their geodiversity assessment, and consider minerals such as limestone, sand, and
iron ore. While including “minerals” within a geodiversity assessment may be an alternative way
to view the lithology of a region, considering that rocks are composed of minerals, including
“mineral resources” introduces an anthropocentric bias to the geodiversity assessment, as these
resources are economically significant to society. In the original Pereira et al. (2013) assessment,
natural gas, uranium, and coal were the energy resources considered in the geodiversity
assessment, and the extension to mineral resources in Araujo and Pereira (2018) includes a
greater variety of economic geologic materials. However, the inclusion of either of these
resources within a geodiversity assessment produces an anthropocentric bias to the assessment
and indicates that the importance of geodiversity is derived from how it benefits society. Such an
anthropocentric bias may be justified, but the goal of this study is to assess geodiversity of a
natural system on a purely scientific basis, ignoring any significance that is derived from societal
value.
Similarly, it was decided that the inclusion of paleontological data within the analysis
could potentially bias the analysis. Araujo and Pereira (2018) presented two potential methods
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for the inclusion of paleontology: one method included only individual sites where fossils had
been found, while the other method involved assigning a binary status to lithologic units based
on whether or not fossils had been found anywhere within that unit. The first method is
unsatisfactory as it introduces an anthropocentric bias originating from the fact that only sites
where fossils have been found are being considered, when in actuality, there are likely a number
of other locations where fossils reside but have yet to be found. The second method is also
unsatisfactory as it tends to assume the presence of fossils over generously within a lithologic
unit. While it is possible that fossils may be abundant within a specific lithologic unit, it would
be inappropriate to assume that fossils can be found wherever that lithologic unit may be.
According to this methodology, areas of higher geodiversity generally correspond to the
northern Black Hills, in the area between Spearfish, Sturgis, and Lead, SD, as well as the region
northwest of Sundance, WY. Areas of lower geodiversity generally correspond to the
surrounding Great Plains region.
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Figure 29: Geodiversity of the Black Hills as determined by the method of Araujo and Pereira (2018), modified
as described in text. Data included in the assessment: lithology, pedology (soil Great Group), geomorphology
(landforms), and hydrography (lakes, stream order [Strahler], precipitation, and groundwater specific flow).
Dark green indicates low levels of geodiversity, whereas red indicates high levels of geodiversity.
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Forte et al. (2018)
Forte et al. (2018) developed a novel geodiversity assessment technique based on a
kernel-density based analysis, whereas the previous studies (Goncalves et al., 2020 and Araujo
and Pereira, 2018) used a grid overlay-based analysis. In order to test the effectiveness of this
new methodology, the authors used this procedure to evaluate two different regions, representing
two different scales of assessment: the municipality of Mafra in Portugal (291 km2) and the
municipality of Morro do Chapeu in Brazil (5,742 km2) (Forte et al., 2018). The data included in
the original study consisted of layers depicting lithology, geomorphology, structural features
(faults), hydrography, and pedology (soil Group) (Forte et al., 2018). The basis for this
methodology involved the overlaying of polygon data layers to create a single layer that
contained information from all the sub-indices. The Multipart to Singlepart tool in ArcGIS was
used on the resulting overlain-polygon layer to convert these polygons into singlepart features.
Then, using the Feature to Point tool, a feature layer depicting centroids for the singlepart
polygons was produced, on which the Kernel Density tool could be used to determine areas with
high concentrations of polygon intersection (Forte et al., 2018). For more information concerning
this specific methodology, please refer to Forte et al., 2018. This methodology was followed as
closely as possible; however, some alterations were made because of geographical errors being
introduced through successive geoprocessing of the data (discussed below). This methodology
also produced an edge effect as can be seen in Figures 30 and 31, due to the fact that the Kernel
Density took extended the density values beyond the designated study area, where there were no
points.
The method employed in the replication of Forte et al.’s (2018) work included layers
concerning the lithology, pedology (soil Great Group), structural features (faults),
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geomorphology (landforms), and hydrography (lakes and streams). While the original
methodology considered soil Group, of which there are 32, this information could not be
obtained for the soil series identified in the Black Hills regions. However, there were
approximately 40 different soil Great Groups identified in the Black Hills region, and it was
determined that, while this is ultimately a different taxonomic level than what was originally
used, it captures a similar level of diversity and is an appropriate substitute.
However, application of this method produced an apparent “quadrant” artifact in the
resulting geodiversity map (Figure 30). The origin for the quadrant-grid appears to be at
approximately 44⁰ N and 104⁰ W, which falls on the border between South Dakota and
Wyoming. The north-south axis of the quadrant appears to coincide with the state boundary
between South Dakota and Wyoming, while the east-west axis appears to coincide with the
latitudinal parallel at this location. It was hypothesized that this artifact was being introduced by
a subtle feature of one of the input layers that became accentuated in geoprocessing.
To determine what dataset was introducing the quadrant artifact, Forte et al.’s (2018)
original method was replicated multiple times, with each repetition excluding a different dataset
(e.g., repetition one excluded lithology, while repetition two excluded pedology). It was
determined that the soil dataset was the issue, likely due to minor differences in the soil
surveying techniques used in this region. In order to avoid having to exclude the soils dataset
from the analysis, Forte et al.’s (2018) original method was altered. First, the Multipart to
Singlepart tool was used on the individual polygon layers for each geological sub-index. The
Feature to Point tool was used on each of the resulting singlepart polygon layers. Once each of
the sub-index layers had been converted into a point layer, the Merge tool was used on the point
layers for each of the sub-indices, in order to produce a single layer with the point features from
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all of the sub-indices. The Kernel Density tool was used on the resulting cumulative point feature
layer, with a 3000 m2 search radius used as the window from which density would be
determined. Using this alternate methodology, none of data types used in the original study were
excluded from the final analysis. The results of this methodology can be seen in Figure 31. There
is an edge effect, with a ring of low diversity, simply corresponding to the edge of the analyzed
area.
According to this methodology, areas of higher geodiversity are sporadically distributed
throughout the entirety of the Black Hills uplift, stretching from Hot Springs, SD up to the
Missouri Buttes in the northwest. There also appears to be a geodiversity hot spot in the
southwest corner, which appears to be associate with the Thunder Basin National Grassland. The
Thunder Basin National Grassland hotspot did not occur in previous assessments and appears to
be due to an increase in soil and landform types in this area. Areas of lower geodiversity
generally correspond to the surrounding Great Plains region, although this correlation appears to
be weak.
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Figure 30: Geodiversity of the Black Hills determined by the method of Forte et al. (2018), using the original
methodology. An undesirable “quadrant” artifact is apparent, and so this map was not considered valid. Figure 31
represents a revised approach to the method and is the final product of the application of this method. Data
included in the assessment: lithology, geomorphology (landforms), structural features (faults), hydrography (lakes
and streams), and pedology (soil Great Group). Dark green indicates low levels of geodiversity, whereas red
indicates high levels of geodiversity.
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Figure 31: Geodiversity of the Black Hills determined by the method of Forte et al. (2018), using the original
methodology. Data included in the assessment: lithology, geomorphology (landforms), structural features (faults),
hydrography (lakes and streams), and pedology (soil Great Group). Dark green indicates low levels of geodiversity,
whereas red indicates high levels of geodiversity.
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Pellitero et al. (2011)
Pellitero et al. (2011) implemented the geodiversity formula proposed by Serrano and
Ruiz-Flano (2007), in order to assess the geodiversity of the Ebro and Rudron Gorges Natural
Park in Spain. Geodiversity is calculated using the following formula: Gd = (Eg * R) / ln (S),
where Gd = Geodiversity Index; Eg = Number of different physical elements in the land unit of
interest; R = Coefficient of roughness of the land unit of interest; S = Surface area of the land
unit of interest (km2); and ln = natural logarithm. Pellitero et al. (2011) considered the broad
components of geology, geomorphology, hydrology and pedology; however, each of these
classes of physical element contained several different subtypes, which represented the actual
physical elements that were being counted. The subtypes for each of the classes is as follows:
(for geology) lithology and geological structures, (for geomorphology) morphostructures,
erosive/accumulation landforms, morphogenetic processes, and active/inactive geomorphological
processes, (for hydrology) water states and hydrological elements, and (for pedology) soil order
and suborder (Pellitero et al., 2011). The method of analysis consisted of counting the instances
of occurrence for each of the physical element subtypes within pre-determined geomorphologic
units within the study area (Pellitero et al., 2011). For more information concerning this specific
methodology, please refer to Pellitero et al. (2011). This methodology was followed as closely as
possible; however, some alterations were made due to the lack of a geomorphologic map of the
study area, as well as a lack of data concerning some of the subtypes used by the original study
(e.g., morphostructures or active/inactive geomorphological processes).
Due to a lack of a geomorphology map for the study area, the landform map, created
according to the methods of Weiss (2001) and Tagil and Jenness (2008), was classified in a way
that grouped together similar landforms. The initial landform map, which depicted eight different

122

landforms, was reclassified to depict four different classes: valley bottoms, plains, slopes, and
peaks. This classified landform map can be used as a proxy for a geomorphologic map,
considering that similar landforms are affected by similar geomorphologic processes. This
classified landform map was then intersected with a polygon shapefile depicting the five
physiographic provinces present in the study area (i.e., Precambrian Core, Limestone Plateau,
Red Valley, Cretaceous Hogback, and Great Plains). The intersection between physiographic
provinces and landform created 20 different polygon classes with which to assess geodiversity
(e.g., valley bottoms in the Great Plains, or slopes in the Cretaceous Hogback, etc.).
Using this feature layer depicting landform polygons within the different physiographic
provinces, the physical features of lithology, structural features (faults), pedology (soil Order),
and hydrography (streams and lakes) were counted for each landform class and used as the “Eg”
variable in Serrano and Ruiz-Flano’s (2007) geodiversity formula. The topographic roughness
index for the Black Hills region was calculated by first creating a raster depicting slope angles
within the Black Hills. Using this slope raster, it was possible to determine the roughness of each
cell by calculating its secant, and thus divide the true surface area of the cell (which accounts for
topography) by the flat surface area of the cell (which only accounts for the dimensions of the
cell, i.e., 30 x 30 m). Using Zonal Statistics, the average roughness was calculated for each
polygon class, and used as the “R” variable in Serrano and Ruiz-Flano’s (2007) geodiversity
formula. The polygons created by the intersection between landforms and physiographic
provinces automatically had the area calculated in m2, so these areas were divided by 1,000,000
to be converted into km2 and used as the “S” variable in Serrano and Ruiz-Flano’s (2007)
geodiversity formula.
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Along with a lack of a designated geomorphology map, there were numerous physical
subtypes used in the original study that could not be included in this replication due to
difficulties obtaining the data, or disagreement with the inclusion of the subtype (i.e., soil suborder). All the geomorphological subtypes used by Pellitero et al. (2011) were identified and
mapped based on either existing geomorphology maps, photo interpretations, or field work.
Therefore, for reasons such as time constraints, insufficient data, and a lack of expertise, these
physical elements could not be included in the geodiversity assessment; moreover, Pellitero et
al.’s (2011) study area was considerably smaller than the Black Hills region, and identification of
these finer-scale geomorphology features is more feasible in the original study. As for the
inclusion of soil Suborder, it was decided that this was an inappropriate component to include
because soil Order had already been considered in the assessment; therefore, considering both
soil Order and soil Suborder risked double-counting soil units. Moreover, upon closer
examination of an example in Pellitero et al. (2011), it appears that the researchers considered
soil Groups, of which there are 32 that are globally recognized, instead of soil Order or Suborder
(IUSS, 2015). Because information pertaining the designated soil Group of a specific soil series
is difficult to obtain, an alternate taxonomic level was considered that captured a similar
diversity to that of soil Groups (i.e., soil Order). Soil Order was the taxonomic level used in
earlier studies (e.g., Serrano and Ruiz-Flano, 2009; Serrano and Ruiz-Flano, 2007) off of which
Pellitero et al. (2011) based their study, and so supports the usage of this taxonomic level. The
results of this methodology can be seen in Figure 32.
This assessment of geodiversity is fundamentally different from the previous three
methods, not only in the method of analysis, but also in the trends and distribution of
geodiversity values. As Figure 32 shows, the map used to delineate land units (formed from the
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intersection of a landform map and a physiographic province map) exerts a significant control
over the distribution of values. The use of this land unit map ultimately produces a very coarse
geodiversity assessment, with the physiographic provinces providing a base geodiversity, but
also has fine-scale variability superimposed on this coarseness, introduced by the landforms.
Using the methodology put forth by Pellitero et al. (2011), the valley bottoms within the
Precambrian Core have the greatest geodiversity, followed by the Precambrian Core as a whole,
valley bottoms within the Cretaceous Hogback, and the surrounding Great Plains as a whole
(Figure 32). The identification of the Great Plains as a geodiversity hotspot was not recognized
in the previous geodiversity assessments, and it is believed that the results of this methodology
are heavily influenced by the area of the physiographic provinces, as the surrounding Great
Plains region covers a very large area. While the original geodiversity formula put forth by
Serrano and Ruiz-Flano (2007) does take into account the area of the polygons and attempts to
normalize the results based on that area, additional care may be necessary to account for area in
regional scale studies, such as this one.
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Figure 32: Geodiversity of the Black Hills determined by the method of Pellitero et al. (2011), using the original
methodology. Data included in the assessment: lithology, structural features (faults), hydrography (streams and
lakes), and pedology (soil Order). Dark green indicates low levels of geodiversity, whereas red indicates high levels
of geodiversity.
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Method Evaluation
The four methods included in this study vary based on the method of analysis, the scale
of the original study, and the data included in the analysis. Due to a lack of a standardized
approach to geodiversity assessments, it is important to consider the advantages and
disadvantages of each of these methods, and thusly provide the geoscience community with
feedback that will help to bring consensus on how best to evaluate geodiversity. A summary of
the methods used in this study is shown in Table 4. This table details the sub-indices used in the
analysis, the method of analysis used in the original study, and the alterations/exclusions made in
the replication of the method. As a function of the different types of data included in each
analysis, there is substantial variety in the range of unique geodiversity features that are
identified within each analysis. While each analysis can be visually compared to determine
similarities among the identification of geodiversity hotspots, comparing the range of
geodiversity values can provide insight into the method of analysis. All ranges of geodiversity
values were classified into five categories using the Jenks Natural Breaks method, and the ranges
of values represented by each category can be seen in Table 5.
As shown in Table 4, Goncalves et al. (2020) used a vector-based approach to assess
geodiversity. Vector data layers have higher spatial resolution than do raster data layers because
they are not bound by a grid system, which is an important quality in an assessment which is
concerned with the spatial relationships between sub-indices. Therefore, the inability to replicate
this study using vector data layers represents a notable deviation from the initial methodology
and could significantly impact the final geodiversity map. Additionally, it is believed that the
individual sub-indices included in this study best capture the components of geodiversity
explicitly recognized in the original definition by Gray (2004). However, one potential area of
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improvement would be the inclusion of further geologic features, namely, caves. The addition of
caves to this framework would capture not only additional subterranean structures but would also
encompass geomorphological processes that influence and shape karst landscapes. The Black
Hills region, in particular, would benefit from this inclusion, as there are several wide-spread
cave networks, most notably Wind Cave and Jewel Cave.
The framework adopted by Araujo and Pereira (2018) built upon a previous framework
established by Pereira et al. (2013). While the framework remains the same, the primary
difference between the two methodologies concerns the expansion of the water resources subindex. Pereira et al. (2013) included hydrography as a component of the sub-index of
geomorphology, but Araujo and Pereira (2018) treat water resources as a full sub-index, and
expand it from simply river hierarchy, to include lakes, precipitation, and groundwater specific
flow. The inclusion of water resources is important, given its role in many geologic, pedologic,
and geomorphic processes; however, sub-indices such as precipitation and groundwater specific
flow, tends to generalize geodiversity, in that these sub-indices influence large areas of land.
Nevertheless, at a study of this scale, which examines a region of more than 20,000 km2, a more
general approach to geodiversity may be appropriate. Moreover, this methodology could benefit
from the inclusion of additional sub-indices, namely, geological structures, as these formations
are explicitly recognized in the definition by Gray (2004), and these structures may help to
explain the presence of other geodiversity components (e.g., lithology, pedology, and
hydrography).
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Table 4: Summary of replicated geodiversity methods.
Authors

Data Included

Method of Analysis

Alterations / Exclusions

Goncalves
et al., 2020

Lithology
Structural Features
Geomorphology
Pedology
Hydrography (drainage density)

Vector-based, grid-overlay
using a 1 x 1 km grid.
Polygons were treated as
multipart features, and centroids
were created for each unique
polygon within a grid cell.
Sum of unique centroids within
a grid cell were assigned to that
specific grid cell.
Inverse Distance Weighting
Interpolation used to produce
the final map.

Alterations: Raster-based
analysis; 3 x 3 km grid
used; landform map used
as a proxy for
geomorphology

Lithology
Geomorphology
Pedology
Paleontology
Mineral and Geological Energy
Sources
Water Resources (composed of
sub-indices: rainfall,
groundwater specific flow,
water reservoirs, and river
hierarchy)

Raster-based, grid-overlay using
a 12 x 12 km grid.
Zonal Statistics (“variety”) were
calculated on each sub-index,
using grid-overlay to delineate
individual zones.
Raster Calculator used to
determine value for each cell.
Gaussian Kriging Interpolation
used to produce final map.

Alterations: 3 x 3 km grid
used; landform map used
as a proxy for
geomorphology

Structural Features
Lithology
Geomorphology
Hydrography (streams and lakes)
Pedology

Union tool was used to overlay
polygon features from each subindex to create one data layer.
Multipart to Singlepart tool was
used on the data layer that
comprised polygons from all
sub-indices.
Feature to Point tool was used
on the resulting singlepart
feature layer.
Kernel Density tool was used to
locate areas with a high
concentration of points.

Alterations: Polygons were
converted to singlepart
features; singlepart
polygons were converted
to points; points from all
sub-indices were merged
into one layer on which
Kernel Density was
performed; landform map
used as a proxy for
geomorphology

Analysis based on Serrano and
Ruiz-Flano (2007) geodiversity
formula:
Gd = (Eg * R) / ln (S)

Alterations: Landform
map used as a proxy for
geomorphology

Araujo and
Pereira,
2018

Forte et al.,
2018

Pellitero et
al., 2011

Lithology
Structural Features
Morphostructures
Erosive Landforms
Accumulation Landforms
Morphogenetic Processes
Active/Inactive
Geomorphological Processes
Water States
Hydrological Elements
Soil Order
Soil Sub-order

Gd = Geodiversity Index
Eg = Number of different
physical elements in the unit
R = Coefficient of roughness of
the unit
S = Surface area of the unit
(km2)
ln = natural logarithm
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Exclusions: None

Exclusions: Mineral and
Geological Energy
Sources, and Paleontology

Exclusions: None

Exclusions:
Morphostructures, Erosive
Landforms, Accumulation
Landforms,
Morphogenetic Processes,
Active/Inactive
Geomorphological
Processes, and Soil
Suborder

Table 5: Comparison of the range of geodiversity values within each analysis.

Authors
Goncalves et al. (2020)

Araujo and Pereira (2018)

Forte et al. (2018)

Pellitero et al. (2011)

Classes
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

Range of Values
9.02 – 12.49
12.50 – 15.97
15.98 – 19.45
19.46 – 22.93
22.94 – 26.40
6–9
10 – 11
12 – 13
14 – 15
16 – 18
0 – 0.0000234
0.0000235 – 0.0000524
0.0000525 – 0.0000727
0.0000728 – 0.0000909
0.0000910 – 0.000129
11.37 – 15.55
15.56 – 23.89
23.90 – 31.72
31.73 – 42.89
42.90 – 60.25

It is worth noting that the methods of analysis used by Goncalves et al. (2020) and Araujo
and Pereira (2018) are very similar, considering that they are based on a grid-overlay system,
where the unique variety within each grid cell is considered, as opposed to simply the sum of
physical features within a grid cell. One primary difference between the two methods, aside from
the sub-indices included within the study, is the method of interpolation used to produce the final
geodiversity map. Goncalves et al. (2020) use an Inverse Distance Weighted Interpolation
method, while Araujo and Pereira (2018) use a Gaussian Kriging Interpolation method. The
difference between these two methods of interpolation is that the Inverse Distance Weighted
Interpolation makes the explicit assumption that the local influence of a point diminishes with
distance, whereas the Gaussian Kriging Interpolation assumes that there is a spatially correlated
relationship between data points (in this case, a relationship that follows a Gaussian function).
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Understanding these two methods of interpolation, it can be said that the Goncalves et al. (2020)
method of analysis may be more conservative than the method of analysis used by Araujo and
Pereira (2018).
The method employed by Forte et al. (2018) is unique in that it examines the interactions
and relationship between the sub-indices included in the geodiversity assessment. This method
differs from other methodologies, which examine each sub-index individually and count the
number of occurrences within a specific region. Forte et al. (2018) assess the geodiversity of
their study area using a vector-based, polygon approach, which, as has been mentioned, is likely
more appropriate for this type of analysis given the increased spatial resolution of polygons.
However, the manner in which Forte et al. (2018) overlay and intersect the polygons and treat
each polygon as a singlepart feature has the potential to assign multiple centroids to the same
feature in a polygon layer, and effectively create an artificial increase in diversity. Conversely,
the method employed in the replication of the Forte et al. (2018) method, generated centroids for
each feature in the polygon layer without overlaying and intersecting the polygon layers, which
could fail to recognize diversity where it does reside. In summary, it seems like this method lacks
a certain amount of control that could either lead to the undervaluing or overvaluing of an
individual feature polygon.
Pellitero et al.’s (2011) assessment of geodiversity built upon Serrano and Ruiz-Flano’s
(2007) geodiversity formula, which calculates the geodiversity of a region of interest by
inventorying the physical elements within the region, calculating the rugosity of the region,
multiplying these two variables, and normalizing based on the natural logarithm of the region’s
surface area. The inclusion of rugosity is important within the assessment, as greater rugosity
increases the diversity of orientations, slopes, and unevenness of the surface, which can influence

131

geomorphological processes, and lead to an increase in geodiversity (Pellitero et al., 2011). A
limiting factor in employing this methodology is the difficulty associated with obtaining many of
the physical elements included in the geodiversity assessment. As Pellitero et al. (2011) note,
information on many of the physical elements (e.g., erosive landforms, morphogenetic processes,
and active/inactive geomorphological processes) are acquired through photointerpretation or
previous extensive field work, thus making this a thorough, albeit difficult, method to reproduce.
A significant advantage of using Serrano and Ruiz-Flano’s (2007) geodiversity formula is the
flexibility associated with the land units of interest. Some authors (e.g., Pellitero et al., 2011;
Serrano et al., 2009) use geomorphological units to delineate a region of interest; however, by
using ecological boundaries (e.g., habitat), researchers can relate biotic and abiotic factors
(Pellitero et al., 2011). However, this flexibility also can introduce technical obstacles, as this
necessitates discrete land units of interest, and prohibits regional-scale studies, such as this one.
When assessing the geodiversity of such a large region, it appears that the area of the land unit of
interest becomes the dominant controlling factor in the geodiversity equation, and overshadows
the physical elements which comprise geodiversity, and ultimately makes this methodology
unsuitable for the assessment of large regions. In summary, this methodology and the alterations
made in the replication of this methodology, were unsuccessful and should not be repeated in
future iterations of Pellitero et al.’s (2011) method for geodiversity assessment.

Conclusion
Deciding which geodiversity assessment method is most appropriate depends on two
components: the inclusion of sufficient data that captures the components of geodiversity, as
recognized by Gray (2004), and a suitable method of analysis. Addressing the latter component
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requires consideration of the scale of the study, as well as additional materials that may be
required by the method of analysis (e.g., discrete geomorphological units). The availability of
sufficient data and additional materials may be a limiting factor in some instances, and it is,
therefore, difficult to identify one methodology that is appropriate for all circumstances.
Considering that the present study aims to assess geodiversity on a regional scale, the
methodology put forth by Araujo and Pereira (2018) is the most suitable for this region of
interest. Using a grid-overlay to assess geodiversity is an approach which has been used by other
authors (e.g., Goncalves et al., 2020; Pereira et al., 2013), and is an approach which introduces
flexibility and customization into the analysis. The researchers are able to decide the scale that is
best suited for the identified region of interest, and able to scale the grid system to reflect their
desired level of specificity. In this way, this method is analogous to the formula created by
Serrano and Ruiz-Flano (2007) and utilized by Pellitero et al. (2011), in that researchers can
identify discrete land units of interest and conduct the analysis based on these land units.
A significant component in the assessment of geodiversity is the data that is included in
the analysis, as this decision ultimately decides which physical elements comprise geodiversity.
In this regard, Araujo and Pereira’s (2018) method could be expanded to include other types of
data, most notably, structural features and subterranean structures, as these components of
geodiversity are explicitly recognized by Gray (2004). The Black Hills region has complex
structure, consisting of numerous faults and folds, and an extensive subterranean network of
dissolution caverns. The failure to include these sub-indices within the analysis represents a
disregard for not only physical elements of geodiversity, but also complex processes and
relationships which may influence other physical elements of geodiversity.
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A final strength of the Araujo and Pereira (2018) method is its ease of replication, given
that it is not based on any complex statistical modeling (e.g., Hjort and Luoto, 2010; Hjort and
Luoto, 2012; Benito-Calvo et al., 2018), and uses tools that are readily available within
ArcToolbox. Reproducibility is an important component of initial geodiversity assessments
because this field is very much in a dynamic state, as researchers in the geoscience community
are continuing to explore more complex and intensive ways to assess geodiversity. The method
proposed by Araujo and Pereira (2018) provides a baseline understanding of the geodiversity of
an area, using data that is readily available to researchers.
Given the advantages and disadvantages of the four methods considered by this study, the
method of geodiversity assessment put forth by Araujo and Pereira (2018) is most suitable for
this study. While the chosen method of analysis may vary with each assessment and is
determined by factors such as the size of the study area and the data that is available for analysis,
it is suggested that Araujo and Pereira’s (2018) method for the assessment of geodiversity be
used in regional-scale studies.
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Chapter Four – Summary and Conclusion
Introduction
The ecosystem services approach to ecosystem assessment and valuation represented a
paradigm shift in the management of these natural systems, as this framework seeks to recognize
all the benefits that society derives from ecosystems. This paradigm is significant, as there is
ongoing debate within the field of ecological economics surrounding the substitutability of
natural capital (i.e., a natural, identifiable, physical form (Costanza et al., 1997)) (GomezBaggethun et al., 2009). The “weak sustainability” side of this debate asserts that, due to
industrial innovation, there will be an increasing amount of substitutability between natural and
manufactured capital, whereas the “strong sustainability” position claims that the relationship
between natural and manufactured capital is one of complementarity, not substitutability
(Gomez-Baggethun, 2009). However, at its essence, the ecosystem services approach to the
valuation of natural systems agrees with the “strong sustainability” position, and posits that
humans are fundamentally dependent on natural systems (Costanza, 2016). Implementation and
exploration of this ecosystem services framework ensures sustainable and holistic evaluation of
natural capital and ecosystems, especially when complemented by the explicit inclusion of
geologic ecosystem services. Identifying geologic ecosystem services is a crucial component of
ecosystem assessments, because ecosystems are dynamic complexes of biotic and abiotic
communities. Furthermore, geologic ecosystem services may underpin the delivery of other
ecosystem services, biotic and abiotic, alike (Gray et al., 2013). A goal of this thesis is to
recognize and evaluate the Black Hills region for the geologic ecosystem services that it
provides, and thus to contribute to the continued development of the study of geologic ecosystem
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services. An additional goal of this thesis is an initial exploration of the relationship between the
identified geologic ecosystem services and geodiversity.
Assessments of geodiversity represent a novel way to evaluate natural assets, as this
approach seeks to recognize the unequal distribution of geologic materials and processes across a
region. Recognizing that geodiversity is a metric that varies across the landscape and has yet to
be assessed in many parts of the world, the importance of geodiversity cannot be overstated,
especially when coupled with the potential for geoheritage (Gray, 2004). The argument for the
inclusion of geodiversity within ecosystem assessments is similar to the arguments for the
inclusion geologic ecosystem services within the ecosystem services framework. Just as
biodiversity assessments seek to recognize the diversity of lifeforms within an area, often for
protection purposes, geodiversity is dynamic metric that can be impacted by human activities,
and geodiversity merits the same consideration that biodiversity does. A goal of this thesis is to
assess the geodiversity of the Black Hills region using four different methodologies, and, in this
way, help to move the geodiversity field towards a standardized procedure for analysis.
Including both geologic ecosystem services and geodiversity assessments into
environmental management decisions will ensure holistic ecosystem management. As natural
systems become increasingly stressed due to climate change, it is important to account for all of
society’s natural assets, biotic and abiotic alike. While geologic ecosystem services and
geodiversity may appear to be less vulnerable to environmental changes, it is important to not
take any of our natural resources for granted, and instead protect and manage these resources
sustainably. Sustainable management of our ecosystems is necessary to allow both present and
future generations the opportunity to not only survive, but thrive in a diverse, natural world.
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Synthesis of Findings
A total of 25 geologic ecosystem services were identified in the Black Hills region. These
services span each of the four Millennium Ecosystem Assessment categories– cultural,
provisioning, regulating, and supporting (Reid et al., 2005). Exactly how these services benefit
society varies, as some services may do so directly (e.g., provisioning of mineral matter from
geologic units), indirectly (e.g., nutrients provided to the soil by mineral matter, which may be
utilized by food crops), or may be non-use services (e.g., artistic value which is derived from the
landscape, and whose use does not deteriorate the stock of the service). Along with identifying
the geologic ecosystem services, the relationship between these services and geodiversity was
discussed. The perceived correlation between geologic ecosystem services and geodiversity is
based on a qualitative assessment of how the broad geodiversity components of lithology,
pedology, geomorphology, and topography may influence the delivery of the service. A
“positive” correlation indicates that areas of high geodiversity can expect a high output of the
service. A “negative” correlation indicates that areas of high geodiversity can expect a low
output of the service. A “no relationship” correlation indicates that some aspects of geodiversity
may have a positive correlation with the service (e.g., lithology), while other aspects of
geodiversity may have a negative correlation with the service (e.g., topography).
An example of a service which has a positive correlation with geodiversity is “Artistic
Value (Cultural).” This correlation is perceived based on the assumption that texturally complex
landscapes are of greater artistic value. Because lithologic units vary in their susceptibility to
weathering and erosion, lithologic diversity facilitates topographic diversity, which in turn
facilitates geomorphologic diversity. The interaction between these three components produces a
physically complex landscape. Moreover, lithologic diversity facilitates pedologic diversity,
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which has been shown to underpin biodiversity (Ibáñez and Feoli, 2013), and thus adds an
additional biologic element of artistic value to the landscape.
An example of a service that has a negative correlation with geodiversity is “Food
(Provisioning).” It is believed that geodiversity diminishes the delivery of this service because
specific environmental conditions are most conducive to the provisioning of food. Due to their
greater internal surface area, sedimentary rocks preferentially weather to produce deep soil
profiles, which are crucial to agriculture (Hudec, 1989). Moreover, certain soil units are going to
be most favorable to the provisioning of food, due to qualities such as textural class and percent
organic matter. Topographic and geomorphic diversity will reduce the amount of area suitable
for agriculture, as these factors will influence the distribution of nutrients across the landscape.
“Burial and Storage (Supporting)” is an example of a service that has no correlation with
geodiversity, due to the different requirements needed for both above- and below-ground storage.
Surface storage of water resources or waste material relies on impermeable geologic units to
prevent seepage from these storage locations. Moreover, storage of these resources relies on
topographic variability as this variability produces the low topographic position needed to collect
and store these materials, as well as geomorphologic simplicity as this contributes to the stability
of the system. Below-ground storage of resources such as petroleum products or water resources
relies on both permeable and impermeable geologic units. Subterranean storage also relies on
topographic variability as this often produces geologic traps needed to collect and store
resources, as well as geomorphologic simplicity as this will minimize the potential for exposure
and loss of the resource.
Individual geologic ecosystem services can have a variety of relationships with
geodiversity, and for each of these services identified, a relationship was established for that
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specific service. However, many of the services identified in this study are not provided by the
surrounding Great Plains and are therefore unique to the Black Hills region. The increase in the
variety of geologic ecosystem services associated with the Black Hills region is likely a function
of this region’s geodiversity. This relationship supports the idea that greater regional
geodiversity can deliver a wider variety of geologic ecosystem services.
Due to the variety of geodiversity assessment methodologies, four different methods were
employed in this thesis: Goncalves et al. (2020), Araujo and Pereira (2018), Forte et al. (2018).
and Pellitero et al. (2011). From this list, it was decided that the method presented by Araujo and
Pereira (2018) was the most appropriate for this study, based on the data included in the
assessment, the reproducibility of the method, and the flexibility of this method to be employed
in other settings and at different scales. One area in which this method could be strengthened is
its inclusion of data concerning structural features (e.g., faults) and subterranean features (e.g.,
caves). According to the Araujo and Pereira (2018) method (Figure 33), the areas of the Black
Hills region with comparatively high levels of geodiversity correspond to the area between
Spearfish, Lead, and Sturgis, SD, the area to the northwest of Sundance, WY, and stretches of
the Cretaceous Hogback east of Newcastle, WY and along the eastern edge of the Black Hills.
The distribution of geodiversity hotspots identified using the Araujo and Pereira (2018)
(Figure 33) method is a function of the structural geometry of the Black Hills uplift and the
distribution of Paleogene intrusions and associated structures (e.g., domes). As has been
previously discussed, the White Gates monocline on the eastern edge of the Black Hills dips
more steeply than the Fanny Peak monocline on the western edge. The steepness of the White
Gates monocline positions the eastern stretches of the Cretaceous Hogback, the Red Valley, and
the Limestone Plateau near one another. The narrowness of these physiographic provinces in the
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eastern and northern Black Hills causes a rapid change lithology, pedology (as this is a function
of lithology), and topography over a short distance, and would be captured in single and
neighboring grid cells when a grid is overlain. Moreover, the northern Black Hills has several
deeply incised canyons (e.g., Spearfish Canyon), which is fed by an extensive tributary network.
When coupled with the Paleogene intrusions that are common in the northern Black Hills, this
area experiences significant and rapid changes in lithology, pedology, and topography, along
with the extensive drainage network previously mentioned, creating high levels of geodiversity.
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Figure 33: Geodiversity of the Black Hills as determined by the method of Araujo and Pereira (2018), modified
as described in text. Data included in the assessment: lithology, pedology, geomorphology (landforms),
paleontology, and hydrography (lakes, stream order [Strahler], precipitation, and groundwater specific flow).
Dark green indicates low levels of geodiversity, whereas red indicates high levels of geodiversity.
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Future Studies
There are several different directions that could be pursued to further research in the
fields of geologic ecosystem services and geodiversity, both independently and collectively.
There appears to be growing support for research in these fields, evidenced by the growing
number of publications and journals, and as such, there are significant opportunities for novel
analytical techniques to arise. Continued research is needed for both of these fields in order to
make these types of assessments more practical for ecosystem management decisions, in terms of
understanding the biophysical parameters of geologic ecosystem services and the relationship
between these services and geodiversity.
After the geologic ecosystem services were identified in the Black Hills, it seemed
pertinent to validate and provide ground-truth to the existence of these services. An additional
effort that could be made in future studies is to understand the biophysical parameters of these
services, which would allow for the explicit mapping of these services. Some services are more
readily mapped than others, as they may be associated with a specific geologic unit (e.g., the
provisioning of mineral matter), however, some services are more difficult to spatially define
(e.g., the regulating of climate), and it may not even be feasible. Nevertheless, an effort to define
the biophysical parameters of geologic ecosystem services would require understanding of the
stocks of the services, which is an important component of sustainable management. Moreover,
by spatially defining the geologic ecosystem services, analyses can be carried out to reveal the
spatial correlation between geologic ecosystem services and geodiversity, such as the partial
generalized linear model analyses used by Alahuhta et al. (2018).
An additional effort that could be explored in future studies is to assess the vulnerability
of geologic ecosystem services. Gray (2004) has identified some of the threats to geodiversity,
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which can easily be extended and applied to geologic ecosystem services. Brooks (2013) made
an attempt to assess the vulnerability of geodiversity features within Scotland’s seas, and this
framework could be adapted to make initial vulnerability assessments of geologic ecosystem
services in other contexts. Brooks (2013) drew their conclusions after considering the resistance
of the geodiversity features (based on the geology of the feature) and the resilience of the
geodiversity features (based on the timescales necessary for the feature to be reformed).
Vulnerability assessments are useful in prioritizing protection for certain geodiversity features
and the geologic ecosystem services they provide, and could be a beneficial component of
management decisions.
Both geologic ecosystem services and geodiversity represent important components of
ecosystem management which have been overshadowed by efforts to protect biotic components
of natural systems. However, as climate change continues to threaten natural systems, holistic
and sustainable management of natural resources is vital to bolstering human resiliency in the
face of this existential crisis.
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